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Abstract 

 

PRINCIPLES, DESIGN, FABRICATION, AND CHARACTERIZATION OF 

SUBWAVELENGTH PERIODIC RESONANT METASURFACES 

 

HAFEZ HEMMATI, Ph.D. 

 

The University of Texas at Arlington, 2020 

 

Supervising Professor: Robert Magnusson 

 

Since the emergence of diffraction gratings containing periodic unit cells, 

innumerable advances in theoretical studies and practical applications have 

emerged. Recently, these classic structures have been categorized as subsets of 

“meta-surfaces” or “meta-materials” in which periodically aligned wavelength-

scale features manipulate all key properties of the electromagnetic waves in a 

desired manner for a wide variety of applications. This includes manipulating of 

amplitude, phase, spectral distribution, polarization state, and local mode structure 

of light in the various available spectral expressions. Among the significant 

characteristic properties of metasurfaces is the coupling of incident light to laterally 

propagating leaky Bloch modes in the subwavelength regime when the periodicity 

of the unit cell is moderately smaller than the free-space wavelength. This property, 
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which manifests itself as a resonance at certain wavelengths, is called “guided mode 

resonance (GMR)” or “leaky mode resonance (LMR)”. These structures offer novel 

properties and functionalities in ultra-thin device dimensions which make them 

potential replacements for conventional and bulky optical devices. Extensive 

studies have been conducted to realize the periodic structures in different materials 

(metals, dielectric, and semiconductors or their hybrid compositions) employing 

various fabrication methods for different wavelength ranges in 1D or 2D 

configuration. Thus, on account of the wide variety of material compositions and 

lattice architectures, the design space is vast. 

Various numerical techniques such as rigorous coupled-wave analysis 

(RCWA), finite element method (FEM), and finite-difference time-domain (FDTD) 

can be used to implement simulations and obtain the precise optical responses of 

the metasurfaces. In addition, inverse optimization methods, efficiently provide 

optimized physical parameters in order to obtain a particular desired spectral 

response. However, these computational methods which are based on solving heavy 

and complicated equations and do not always provide comprehensive insight into 

underlying physics of the numerically obtained optical spectra.  

In this dissertation, we present a comprehensive physical description of 

resonant metasurfaces based on exact solutions of the Rytov formulation. We 

define a clear transition wavelength between the resonance subwavelength region 

and the deep-subwavelength region. This transition point, analytical in a special 
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case, is not available presently in the literature. In addition, we design, fabricate, 

and characterize various novel GMR-based optical devices such as metamaterial 

polarizers, nanoimprinted nanocomposite filters, multipart unit-cell metasurfaces, 

ultrahigh-Q resonant dual-grating metamembranes, and fiber-facet integrated 

optical filters and sensors. 
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Chapter 1  

Introduction and Background 

Light, which is an electromagnetic wave, plays a significant role in recent 

technological advancements involved in our daily life such as cell phones, 

televisions, and wireless networking. Light waves can be used by astronomers to 

identify various objects in space, or it can be used by a chemist to determine the 

chemical composition of an unknown material.  

From the early days, scientists have manipulated the wavefront shape and 

phase of electromagnetic waves. Conventional lenses mainly used in imaging 

converge or diverge a light beam based on refraction at the interface of two different 

materials. Conventional polarizers, which transmit the desired polarization of the 

light while blocking the unwanted polarization state based on natural crystals and 

multilayer thin films are commonplace. All of these optical components are bulky 

and expensive.  

Therefore, light-matter interaction in compact format is very important for 

light-manipulation-based systems.  In 1902, Wood reported abrupt changes in the 

intensity and black and bright bands of the spectra obtained from a metallic 

diffraction grating [1]. He also found out the occurrence of these singular anomalies 

is polarization dependent (i.e. the bands can be found only in P polarization of the 

incident light). These phenomena are known as Wood’s anomaly, as they could not 

be explained by ordinary grating theory. In 1907, Rayleigh tried to explain these 
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anomalies. He explained the occurrence of the wavelength anomaly arising of the 

wavelength at which the higher order passing-off in a spectrum. Although his 

method could predict the wavelength and polarization dependent response, it failed 

to explain the abrupt intensity change observed in Wood’s anomaly [2].  

1.1 Diffraction grating 

A schematic of a diffraction grating, with periodicity of Ʌ and refractive 

index modulation of nH and nL, under illumination of an obliquely incident 

electromagnetic plane wave is shown in Figure 1-1.  In general, the periodic 

structure of the diffraction grating produces various diffraction orders propagating 

in the cover region with refractive index of nC and substrate medium with index of 

nS. The “grating equation” for the backward diffracted wave and the forward 

diffracted wave gives the relation between diffraction angle (θm) and the angle of 

incidence (θi) as [2] 

                                          sin sinC m C in n m


   


  (1.1) 

                                          sin sinS m C in n m


   


  (1.2) 

where λ is the wavelength of incident light.  
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Figure 1-1 Schematic of diffraction orders due to periodic grating. 

Choosing various wavelength to periodicity ratios, one can define two main 

diffraction regime for the grating: Non-subwavelength grating possessing more 

than one propagative diffracted orders and subwavelength grating which only zero- 

diffraction orders can be coupled to the cover or substrate while all the higher 

diffraction orders are evanescent. Transition from non-subwavelength to 

subwavelength regime, with periodicities smaller than wavelength, occurs at the 

Ryleigh wavelength (λR) [2]. These points are shown schematically in Figure 1-2. 

Ʌ

I
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Figure 1-2 Two main diffraction regimes. 

 

 

1.2 Guided-mode resonance mechanism 

One interesting phenomenon which happens at subwavelength grating 

structure is guided-mode resonance [3-11]. The term “guided-mode resonance” was 

coined in 1990 by Wang et al. in an attempt to clearly communicate the fundamental 

physics governing these phenomena [11]. In earlier literature on the subject, authors 

often referred to these effects as being “anomalous,” thereby implying that the 

phenomena were not well understood. Figure 1-3 shows a representative guided 

mode resonance (GMR) or leaky-mode resonance (LMR) device consistsing of a 

subwavelength periodic grating and a waveguide layer over a substrate. Recently, 

periodic photonic lattices are often referred to as “metasurfaces” or “metamaterials” 

in which periodically aligned wavelength-scale features enable manipulation of an 

incoming electromagnetic waves in a desired manner. At resonance, the diffracted 

light by subwavelength grating, couples to a waveguide mode and propagates in the 

Non-subwavelength regime

Ʌ>λ
Higher diffraction orders 

propagate in the cover or substrate

Subwavelength regime

Ʌ<λ
Only zero-orders propagate in the 

cover or substrate

Transition happens at the 

Rayleigh wavelength (λR)

λR=Ʌmax (nS, nc)

Ʌ

λ

m=0

m=1

m=2

m=3

m=-1

m=-2

m=-3

Ʌ

λ

m=0
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lateral direction. While propagating, the mode leaks out due to the presence of the 

grating on the waveguide. The constructive (destructive) interference based on the 

phase difference between outgoing “leaky” wave and directly reflected wave from 

the grating surface forms a reflection (transmission) resonance in the optical 

spectrum of the device. Therefore, the guided mode resonance device can be seen 

as operating in light capture, storage, and release modes. The GMR terminology 

emphasizes the capture of photonic energy whereas LMR emphasizes its release. 

By design, a plethora of differing spectral expressions is available with this 

device class thus providing a flexible applications platform. Wide parametric 

design spaces allow control of light amplitude, phase, polarization, near-field 

intensity, and light distribution on surfaces and within device volumes.  

 

Figure 1-3 Schematic illustration of a GMR device. 

Layer 1: Cover

Layer 2: Grating

Layer 3: Waveguide

Layer 4: Substrate

Incident wave Direct reflection Reradiated 

reflection waves

Direct transmission
Reradiated 

transmission waves
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1.3 Simulation tools 

To obtain the exact optical response from GMR metasurfaces, such as 

reflection, transmission, diffraction, and internal field profile, two widely-used 

methods, rigorous coupled-wave analysis (RCWA) and finite-difference time 

domain (FDTD), are employed in our work. To simulate the optical response of our 

devices under plane wave incidence we use the RCWA method.  

We use a home-written RCWA MATLAB code, developed in our lab at the 

University of Texas at Arlington, for design with 1D periodicity. However, for 

complicated structures and advanced simulation, we use commercially available 

RSoft DiffractMOD. For finite grating design and Gaussian input beams we use 

RSoft FullWAVE module for simulation. 

To optimize the geometrical dimensions and device parameters, particle 

swarm optimization (PSO) technique is used. Our PSO code which contains the 

RCWA method is an iterative code to optimize design parameters in a way to obtain 

a desired output spectrum. 

1.4 Device fabrication 

1.4.1 Laser interference lithography (LIL) 

There are many methods for fabricating GMR devices such as electron-

beam (e-beam) lithography, mask-based photolithography, focused-ion beam (FIB) 

lithography, and laser interference lithography (LIL). Many fabricated devices have 
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been made with the e-beam lithography technique. This method of fabrication is 

time consuming, expensive, and impractical when applying patterning on large 

areas because of potential stitching issues and a restricted area of exposure. Among 

nanofabrication methods, LIL enables rapid realization of high- quality periodic 

structures on a large surface area. This method offers versatility for fabricating 

diffractive elements and metastructures because the periodicity and fill factor can 

be altered without the use of traditional masks. One advantage of LIL is that in 

comparison with electron-beam lithography, it does not require high vacuum 

chamber for patterning. 

We employ a Lloyd’s mirror interference lithography configuration which 

consists of a high-quality mirror mounted orthogonally to the sample holder stage. 

A schematic of this system is depicted in Figure 1-4. The attendant two-wave 

interference generates periodic fringes via constructive and destructive interference 

between the two parts of the collimated laser beam when they come together in 

phase onto the sample surface. A UV laser (TOPTICA Photonics Inc.) with 100 

mW output power at 266 nm wavelength is used for patterning. Each exposure has 

a periodicity that is determined by Ʌ=λ/2sinθ in which λ is our laser wavelength 

(266 nm) and θ is the bisector of the angle between the two interfering beams. This 

angle can be precisely controlled by rotating the stage. Therefore, changing θ allows 

one to change the periodicity of the grating. In LIL, typically, the exposure dose 

E=It in mJ/cm2 is controlled by exposure time t when I=constant. 
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Figure 1-4 Schematic of an exemplary Lloyd’s mirror laser interference 

lithography setup. 

Employing two-beam interference lithography, 2D periodic structures can 

be realized by applying two sequential exposures and by rotating the substrate in 

its plane to φ=90o after the first exposure. There are also studies on fabrication 

methods of nanostructures based on multiple exposures with different sample 

rotation angles (φ) in between. 

The general fabrication process of our devices is shown in Figure 1-5. 

Silicon and glass substrates are cleaned using acetone for 15 minutes then iso-

propyl alcohol (IPA) for 10 minutes followed by deionized (DI) water for 2 

minutes. The cleaned samples are dried with nitrogen gas. Then, thin-film 

deposition methods such as sputtering and e-beam evaporation are used to deposit 

Si3N4, Si, TiO2, and Au thin films on cleaned substrates. Both positive and negative 

resists are used for gratings with different parameters. Photoresist coating is carried 
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out by a spin coater. To obtain grating fill-factor bigger than 50%, we use negative 

PR (UVN-30). On the other hand, to fabricate gratings with fill factor smaller than 

50%, a positive photoresist (SEPR-701) is spin-coated at different spin speeds 

based on the final PR thickness desired. The spin-coated substrates are then soft 

baked for 90 seconds at 110°C followed by patterning using LIL method. We 

develop the exposed photoresist film in specific developers such as AZ 917 MIF to 

create a resist mask on the thin film. The mask patterns transfer to the film via a 

reactive-ion-etch (RIE) process using our Oxford PlasmaLab 80 RIE system. 

Different recipes are used to etch different materials. For instance, gas mixture of 

SF6 (14 sccm) and CHF3 (38 sccm) for 7 minutes with RIE power of 100 W gives 

an etch rate of about 30 nm/min for Si films. Subsequently, residual photoresist is 

removed by O2 ashing process in the RIE chamber.  

 

 

Figure 1-5 Standard fabrication process of our periodic metasurfaces. 
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1.4.1 Nanoimprint lithography (NIL) 

Nanoimprint lithography (NIL) exploits flexible patterned stamps 

fabricated from suitable masters. Patterns on a given stamp can thus be transferred 

to resist or other imprint materials and, consequently, either heat or UV light can 

accomplish the curing process. A peel-off process can be implemented after curing 

of the imprinted material and the resulting structure, which has dimensions defined 

by the original master, acts as the final device. The strengths of this process 

compare well with other traditional lithography methods such as holographic 

interference patterning or e-beam writing and include cost-effective parallel 

nanofabrication that is fast, simple, repeatable, and mass-production qualified. 

To fabricate a master template, a thin layer of photoresist is spin coated on 

a silicon wafer and patterned via the laser interference lithography method. 

Subsequently, development of the patterned photoresist and a reactive-ion etch 

(RIE) process enable transfer of patterns from the photoresist to a silicon wafer. A 

thin layer (~20 nm) of sputtered aluminum followed by an anti-adhesion chemical 

(dichloromethane) may be coated on the patterned silicon wafer to enhance the peel 

off process.  

Polydimethylsiloxane (PDMS) is used to make the stamp that contains a 

negative pattern of the master template. Sylgard 184 silicone elastomer is mixed in 

a 10:1 ratio of base and curing agent. Then it is cast on a master template and 

degassed under vacuum until no visible bubbles are observed followed by curing at 
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75 °C for 4 hours. It is then peeled off from the master to complete the stamp 

(thickness~0.5 cm). In our study, the UV-curable adhesive acts as an imprint 

material, which is patterned with the PDMS stamp. The pattern is transferred via 

the curing and peel-off process with the PDMS.  

1.5 Characterization methods 

We use Park XE-70 atomic force microscopy (AFM) and JEOL JSM-7600F field 

emission scanning electron microscopy (SEM) measurements to verify the final 

device dimensions. Figure 1-6 shows AFM images pertinent to 1D and 2D 

fabricated devices by the LIL method. The SEM images reveal-high quality grating 

lines in two different magnifications as shown in Figure 1-7. In addition, a Woolam 

VASE ellipsometer is used to measure the thickness and optical constant of the thin 

films.  

 

Figure 1-6 AFM images of the 1D and 2D gratings. 
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Figure 1-7 SEM images of the 1D grating at two different magnifications. 

To measure the transmission spectra of the fabricated devices and 

investigate their actual performance, we employ a supercontinuum light source 

(Koheras SuperK Compact) to produce an incident beam and optical spectrum 

analyzer (OSA; Yokogawa AQ6375) to detect the transmitted light. Polarized 

transmission measurements of the fabricated samples (signal power) are made by 

inserting a Glan-Thompson polarizer (Thorlabs). Normalized transmission spectra 

for fabricated samples pertinent to both TE and TM incident waves are calculated 

by dividing the signal power by the input power measured via the detector. The 

rotation stage is used for angular spectral measurement of the device. The schematic 

of the experimental setup used to measure zero-order transmission (T0) is shown in 

Fig 1-8. 
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Figure 1-8 Schematic of a general transmission measurement setup. 

1.6 Dissertation Overview 

In this dissertation, theoretical and experimental studies on various new 

types of GMR-based metasurfaces are presented. Various design/simulation tools 

(RCWA, FDTD, PSO), micro/nano patterning methods (laser-interference 

lithography (LIL), nanoimprint lithography (NIL)), thin film deposition techniques 

(sputtering, e-beam evaporation, spin coating), etching methods (dry etch and wet 

etch), and optical/structural characterization techniques (ellipsometry, SEM, AFM, 

FTIR, DLS, OSA) are utilized in developing content for the subsequent chapters.   

Chapter 2 establishes theoretical framework to systematically describe 

subwavelength resonance behavior and to predict the optical response of resonant 

photonic lattices using the full Rytov solutions. We show that Rytov’s original 

effective-medium theory (EMT) is far more general and useful than previously 

thought and the full Rytov formulation implicitly contains refractive-index 
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solutions pertaining directly to evanescent waves that drive the laterally-

propagating Bloch modes foundational to resonant lattice properties. This insight 

is useful in modeling guided-mode resonant devices including wideband reflectors, 

bandpass filters, and polarizers. As an additional result, we define a clear transition 

point between the resonance subwavelength region and the deep-subwavelength 

region with an analytic formula provided in a special case. 

Chapter 3 presents design and fabrication of a new class of polarizers that 

are extremely compact and efficient. Based on an elemental low-loss single-

resonant grating, we develop multilayer modules providing ultrahigh extinction 

ratio polarizers. The elemental polarizer contains a subwavelength periodic pattern 

of crystalline silicon on a quartz substrate. A stack of two dual-grating modules 

exhibits a measured extinction ratio (ER) of ∼100,000 in a sparse 2-mm-thick 

device across a bandwidth of ∼50 nm in the telecommunications spectral region. 

Theoretical computations indicate that extreme values of extinction are possible. 

Chapter 4 provides an experimental demonstration of high-quality 

nanocomposites enabling convenient imprinting of nanopatterned optical devices. 

The nanocomposite developed contains homogeneously dispersed surface 

functionalized silicon (Si) nanoparticles in a UV-curable prepolymer host medium. 

Using an optical adhesive NOA73 as host eliminates surface treatment of the 

silicone mold due to minimal adhesion between the polymer and mold. Moreover, 

the chosen materials exhibit low shrinkage, enabling faithful replication of the 
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master templates. Tunable refractive index is realized by mixtures of the host 

polymer with a refractive index of ~1.56 and nanoparticles with a refractive index 

of ~3.45.  

Chapter 5 provides a novel route towards facile fabrication of complex 

periodic metasurfaces based on sequential exposures by laser interference 

lithography. We propose a fabrication method which is fast, cost-effective, and can 

be applied to large surface areas. It is enabled by precise control over periodicity 

and exposure energy. With it we have successfully patterned and fabricated one-

dimensional (1D) and two-dimensional (2D) multipart unit cell 

devices. Furthermore, it is shown that this method of fabrication can be 

implemented not only to pattern periodic symmetric/asymmetric designs but also 

to realize non-periodic metasurfaces. 

Chapter 6 contains the properties of photonic devices fashioned with dual‐

grating metamaterials. We show that the resonance signatures are sensitively 

controlled by the relative parameters of the periodic regions. In particular, if they 

are physically identical and separated by a half‐wavelength, there ensues a bound 

state in the continuum (BIC) with extremely narrow resonance linewidth.  At 

grating‐depth and thickness values satisfying Avrutsky’s model, three different 

types of BICs are supported by a single metamembrane. Two BICs appear at normal 

incidence at the Γ point with one being a quasi‐BIC on one band edge while a true 

symmetry‐protected BIC resides on the other edge. Moreover, a quasi‐BIC state 
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away from the Γ point in the same device is demonstrated. Whereas these results 

are based on a simple model with 1D periodicity, the primary properties will carry 

over to general 2D/3D photonic lattices. 

Chapter 7 shows a considerable advance in this technology, as we 

experimentally demonstrate efficient fiber-facet mounted device prototypes. To 

retain a large aperture for convenient coupling, we design and fabricate silicon 

nitride-based resonators on the tip of a multimode fiber. We account for light 

propagation along the multimode fiber with exact numerical methods. This 

establishes the correct amplitude and phase distribution of the beam incident on the 

tip-mounted GMR element, thus enabling us to properly predict the resonance 

response. To fabricate the integrated GMR structures on the tips of fibers, we 

employ standard microfabrication processes, including holographic interference 

lithography and reactive-ion etching. The experimental results agree with 

simulation with an example device achieving high efficiency of ∼77% in 

transmission. To investigate fiber sensor operation, an etched silicon nitride fiber 

tip filter is surrounded with solutions of various refractive indices, yielding an 

approximate sensitivity of 200 nm/RIU. 
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Chapter 2  

Effective-medium formalism and exact solutions 

Periodic photonic lattices, known as diffraction gratings for 100 years and 

diffractive optical elements for decades, have a venerable history [1-14]. With 

major discoveries in optical physics deriving from their deployment, periodic 

structures enable wide application fields including spectroscopy, laser technology, 

and sensors. Imbuing the lattice with waveguiding capability offers yet another set 

of functionalities grounded in resonance effects due to excitation of lateral leaky 

Bloch modes [3-6,15-19]. In the recent past, periodic photonic lattices are often 

referred to as “metasurfaces” or “metamaterials” in which periodically aligned 

wavelength-scale features enable manipulation of an incoming electromagnetic 

waves in a desired manner [20-24]. Resonant lattices offer novel properties and 

light-wave control in compact format potentially replacing and complementing 

conventional optical devices.  

Extensive theoretical and experimental studies have been conducted to 

realize resonant and nonresonant periodic structures in materials systems pertinent 

to the various spectral regions. Whereas various wavelength (λ) to periodicity (Ʌ) 

ratios can be deployed, working in the subwavelength regime offers a particularly 

efficient optical response. Transition from the non-subwavelength to the 

subwavelength regime occurs at the Rayleigh wavelength (λR) [2]. For wavelength 

values longer than λR, all higher diffraction orders are eliminated and only the zero 
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orders propagate in the cover and substrate media. In the subwavelength regime, 

one can define two main regions. These are the deep-subwavelength region where 

the wavelength is much larger than the period, showing thin-film effects on account 

of a high degree of homogenization, and the resonant subwavelength region where 

the wavelength-scale periodicity triggers guided-mode, or leaky-mode, resonance 

effects. These regions are shown schematically in Figure 2-1(a). While the 

Rayleigh wavelength is known by λR=nSɅ, there exists no definition for this 

transition wavelength that we refer to as a cutoff wavelength (λc); here, we propose 

a definition for this value. 

Since the seminal work by Rytov in 1956, the effective refractive indices of 

subwavelength gratings can be calculated for both transverse electric (TE) and 

transverse magnetic (TM) polarization states [25]. His effective-medium theory 

(EMT) applies to an infinite periodic halfspace. Treating continuity and periodicity 

of the electromagnetic fields at boundaries between constituent materials in a unit 

cell results in polarization-dependent transcendental equations. Employing a series 

expansion for the tangent term in the transcendental equations returns the well-

known zero-order, second-order, or higher-order approximate solutions for 

effective refractive indices. Applying EMT based on the approximated Rytov 

formulation, one can replace a subwavelength grating by an equivalent 

homogeneous film with corresponding effective refractive indices for each 

polarization. This process is noted schematically in Figures 2-1(b) and 2-1(c). The 
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thickness of the homogeneous film is identical to the grating thickness. In the deep 

subwavelength, or quasi-static, limit λ/Ʌ →∞, the zero-order effective refractive 

indices result in a reliable solution in terms of equivalent reflection, transmission, 

and phase calculations. Notably, in 1986, Gaylord et al. implemented zero-order 

EMT to approximate subwavelength gratings with a single homogeneous layer in 

order to design an antireflection coating at normal incidence [26]. In a related work, 

Ono et al. approximated a sinusoidal ultrahigh spatial frequency grating by several 

rectangular grating layers with different fill factors to design an antireflection 

structure [27]. They calculated the refractive index of each rectangular layer using 

the zero-order approximation. However, the zero-order approximation fails for 

wavelengths outside the deep subwavelength regime. Therefore, as the value of λ/Ʌ 

approaches the resonant subwavelength regime (i.e. λ~Ʌ) higher-order 

approximations must be used. Thus, Richter et al. used second-order EMT to design 

and study optical elements with a form birefringent structure [28]. Moreover, 

Raguin and Morris utilized second-order EMT to design antireflection surfaces in 

the infrared (IR) electromagnetic bands [29]. 

All previous EMT studies [26-34] based on Rytov’s formulation [25], with 

either exact or approximated solutions, have reported only one effective refractive 

index for each wavelength as depicted in Figure 2-1(d). In contrast, here, we report 

that solving the exact transcendental equation in the resonant subwavelength 

regime can result in several effective refractive indices for a single wavelength. 
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Mathematically, since tan(x) has an infinite sets of roots, this may not come as a 

surprise. What is surprising is that these roots are highly applicable to practical 

problems modeling photonic lattices with finite thickness, namely metasurfaces and 

metameterials, as we show in detail in the remainder of the study. These higher-

order solutions have been completely ignored thus far to our knowledge. Even 

Rytov himself paid no attention to them and proceeded to derive simplified 

approximate expressions based on the zeroth root [25]. In his case, this is 

understandable as resonant photonic lattices were not known at that time. 

Henceforth, we establish our theoretical framework to systematically 

describe subwavelength resonance behavior and predict the optical response of 

resonant photonic lattices using the full Rytov solutions. Expeditious results are 

obtained because of Rytov’s semi-analytical formulation with direct, new physical 

insights available for resonant lattice properties. To prove the correctness of the 

proposed approach, we compare our semianalytical results with rigorously 

computed results and show excellent agreement between them. Our solutions, 

based on the exact symmetric Rytov problem, are previewed schematically in 

Figure 2-1(e). Most importantly, we show here that the higher Rytov solutions 

 𝑚
𝐸𝑀𝑇correspond exactly to reradiated fields generated by higher-order evanescent 

diffracted waves represented as Sm, m=±1, ±2, …, driving the resonance process 

[7,8,35].  
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Figure 2-1 Diffraction regimes and exact Rytov EMT. Schematics illustrating (a) 

the diffraction regimes pertaining to Rytov’s solutions, (b) the general rectangular 

grating model, (c) equivalent thin-film EMT model, (d) the zeroth-root Rytov 

solution basic to all past EMT models, (e) calculated effective refractive indices 

presented in this study based on the exact Rytov formalism. 

 

2.1 Rytov refractive indices and their interpretation 

We first review the Rytov formalism [25] for TE polarization, where the 

electric-field vector is parallel to the grating lines. The full formula for a rectangular 

grating structure with infinite thickness is derived by considering the continuity of 
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the electric and magnetic fields at boundaries between the ridges and grooves. 

There results a transcendental equation given by 

                     2

1 2 1 21 sin( )sin( b) 2 1 cos( )cos( b) 0a a          (2.1) 

where 𝛼 = 𝑘 √  
 − ( 𝑇𝐸

𝐸𝑀𝑇) , 𝛼 = 𝑘 √ 𝐿
 − ( 𝑇𝐸

𝐸𝑀𝑇) , 𝑘 = 2𝜋/𝜆 , 𝜅 = 𝛼 /

𝛼 , and  𝑇𝐸
𝐸𝑀𝑇  represents the effective refractive index for the TE case. The 

parameters a and b are the widths of the grating constituents with refractive indices 

nH and nL, respectively. Based on this, one can define parameters F=a/Ʌ and 1-

F=b/Ʌ as fill factors of each section in a unit cell as shown in Figure 2-2(a). Since 

symmetric rectangular gratings are considered in Rytov’s model, he extracted 

solutions from the full formula Eq. (2.1) that are pertinent to symmetric field 

distributions inside the grating. Accordingly, Eq. (2.1) is reduced to Eq. (2.2) which 

we reference here as the “exact” Rytov formulation for TE polarization. 

2 2 2 2 2 2 2 2n (n ) tan (1 ) n (n ) n (n ) tan n (n )EMT EMT EMT EMT

L TE L TE H TE H TEF F
 

 

    
         

   
 (2.2) 

Similarly, for TM polarization, where the magnetic-field vector is parallel 

to the grating lines, there results 

2 2 2 2

2 2 2 2

2 2

n (n ) n (n )
tan (1 ) n (n ) tan n (n )

n n

EMT EMT

L TM H TMEMT EMT

L TM H TM

L H

F F
 

 

     
       

   
 (2.3) 

Solving the exact Rytov equations, Eq. (2.2) and Eq. (2.3), for  𝑇𝐸
𝐸𝑀𝑇 and 

 𝑇𝑀
𝐸𝑀𝑇 delivers a set of effective refractive indices that depend on the wavelength 
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and the input design parameters. In principle, due to the periodicity of tan(x), there 

exists an infinite number of solutions; in practice, a few of the lowest-order 

solutions will be useful. Except for   
𝐸𝑀𝑇 , the effective refractive indices have 

specific cutoff wavelengths. Knowing the cutoff wavelengths is key to predicting 

the optical response as shown here. Working at wavelengths longer than the 

Rayleigh wavelength λR=nSɅ, ensures zero-order propagation towards the cover 

and substrate with all higher-order diffracted waves being evanescent. These higher 

diffraction orders propagate in the periodic region depending on the structural 

design and corresponding cutoff values of 𝜆𝑐
𝑚.  

 

Figure 2-2 Half-space grating structure. (a) Schematic of the half space grating 

model in Rytov’s formulation with an infinite number of periods along the X 

direction. (b) Wavevector of the thm diffracted order accompanied by its vertical (Z 

direction) and horizontal (X direction) components. 

In the periodic region, the fundamental coupled wave expansion of the y-

component of the electric field can be written as [14,36]  

                                ( , ) ( )exp[ ( ) )]y m

m

E x z S z i k mK x    (2.4) 
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where Sm(z) are the amplitudes of the space-harmonic components in the Fourier 

series expansion of the total field in periodic direction, k is the wave vector of a 

diffracted wave, and K=2π/Ʌ is the grating vector magnitude. Each diffracted order 

possesses a wavevector (km) in the direction of propagation which can be resolved 

into vertical and horizontal components as depicted in Figure 2-2(b). Effective 

refractive indices obtained by solving the Rytov equations pertain to the vertical 

components of the diffracted orders belonging to km. We have 

                                                         2 2 2

m m mk      (2.5) 

where  m = kmsi  ,  m = kmcos , km = k  m(  ), and 𝑘 = 2𝜋/𝜆 . Defining 

Nm(  ) = 𝛽𝑚/𝑘 =  m(  )si   and  m
   (  ) = 𝛾𝑚/𝑘 =  m(  )cos , a 

relation is obtained between the component refractive indices of Figure 2-2(b) as  

                                             
22 2

0 0 0( ) ( ) ( )EMT

m m mn N n     (2.6) 

Here, nm is the refractive index experienced by a diffracted wave with wavevector 

km. In the geometry of a periodic waveguide, Nm represents the lateral effective 

index seen by the mth Bloch mode whereas  m
    refers to the vertical effective 

index seen by the resonant reradiated Bloch modes. 
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Figure 2-3 Rytov model and practical device geometries. (a) Schematic of a 

representative grating membrane and corresponding RCWA-based reflection map 

as a function of grating thickness (dg) for TM-polarized incident light, (b) schematic 

of the half-space grating model, (c) calculated exact effective refractive indices, (d) 

wavelength dependent effective refractive indices of waveguide (n1), horizontal 
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component (N1), and vertical component (  
𝐸𝑀𝑇) based on Eq. (2.6), (e) simulated 

reflectance spectrum of a grating with dg =0.4 μm, (f) amplitude of the coupled 

diffracted orders at resonance wavelength of λRes=1.251 μm, and (g) distribution of 

total magnetic field in one period at the resonance wavelength of λRes=1.251 μm 

showing TM0 mode shape. The grating structure has constant parameters of Ʌ= 1 

μm, F=0.5, nH=2, and nL= nc =ns=1. 

 

The objective of Figure 2-3 is to connect the Rytov model with practical device 

geometry as applied in metamaterials presently. Accordingly, Figure 2-3(a) shows 

an example grating membrane structure enclosed by air and its reflection spectrum 

mapped in wavelength versus grating thickness (dg). This spectrum is computed 

with rigorous coupled-wave analysis (RCWA) [14,36]. The corresponding half-

space grating structure used in the Rytov model is presented in Figure 2-3(b). The 

effective refractive indices  m
    obtained by solving the exact Rytov Eq. (2.3) are 

shown in Figure 2-3(c). The values of  m
    denote vertical components of the 

refractive indices nm that quasi-guided evanescent-wave diffraction orders see in 

the direction of propagation in the periodic medium. These evanescent diffraction 

orders excite lateral leaky Bloch modes that generate the guided-mode resonance. 

Comparing the rigorously-computed resonance map in Figure 2-3(a) to Figure 2-

3(c) shows that no resonance occurs in the region where n1
EMT=0. Moreover, using 

Eq. (2.6) with values of  m
    obtained by the exact Rytov formula, one can find 

the corresponding pairs of nm and Nm satisfying the eigenvalue equation of the 

equivalent homogeneous slab waveguide [6]. Figure 2-3(d) depicts these values as 

a function of wavelength for an equivalent waveguide having a thickness of dg= 0.4 
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μm. It can be inferred from this figure that the cutoff wavelength occurs when the 

refractive index of the waveguide reaches nm=nair=1 at which point the waveguide 

vanishes. Thus, at the cutoff wavelength, the refractive index contrast becomes zero 

such that no waveguide mode can be supported. For the grating design of Figure 

2-3(a) with dg= 0.4 μm, the resonance manifests as a reflection peak at λRes= 1.251 

μm as shown in Figure 2-3(e). At the resonance wavelength, one can compute with 

RCWA the amplitudes of the coupled diffracted orders and simulate the magnetic-

field distribution as shown in Figures 2-3(f) and 2-3(g), respectively. It is clearly 

illustrated that the dominant contribution to the internal modal field, whose cross-

section is shown in Figure 2-3(f), is due to the evanescent diffraction orders with 

amplitudes S   which is also completely consistent with the total magnetic-field 

distribution illustrated in Figure 2-3(g). Interestingly, this point can be predicted 

and explained directly via Figure 2-3(c); as the resonance wavelength falls below 

the cutoff wavelength of the first diffracted order (  
 ), we would expect the first 

diffracted orders S±1(z) to be responsible for the resonance because it is this order 

that experiences   
𝐸𝑀𝑇.  

2.2 Rytov solutions for cutoff wavelengths 

Knowing the values for the cutoff wavelengths is important to distinguish 

the deep-subwavelength and resonant-subwavelength regions. Moreover, the cutoff 

wavelengths define the spectral location where a new evanescent diffraction order, 

with attendant lateral Bloch-mode excitation, enters and begins to participate in the 
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resonance dynamics. The cutoff wavelengths   
m occur when the vertical effective 

refractive index of diffraction order m vanishes (i.e.,  𝑚
𝐸𝑀𝑇 = 0 ). The 

semianalytical Rytov formulas can be used to determine the first and higher cutoff 

wavelengths for any one-dimensional lattice. Therefore, plugging    
   = 0 into 

the exact Rytov formulation, for example Eq. (2.2) for TE polarization, yields 

                             n tan (1 )n n tan nL L H HF F
 

 

    
     

   
 (2.7) 

In general, there is no analytical solution for this equation. However, here 

we show that for specific design parameters one can straightforwardly and 

analytically calculate the cutoff wavelengths for each diffracted order. This works 

when the arguments of the tangent functions on each side of Eq. (2.7) become 

identical 

                                                     (1 ) L HF n Fn    (2.8) 

Once this condition is satisfied, Eq. (2.7) holds for values of the tangent 

arguments equal to mπ/2 (m=1, 2, 3, …) which results in closed-form, simple 

analytical solutions 

                                                      
2m

c HFn
m

     (2.9) 

giving the cutoff wavelength for each diffraction order. All photonic lattices 

supporting guided-mode resonance admit at least the first evanescent diffraction 

order. Thus, with m=1, we get   
 = 2ɅF H. This is a remarkable canonical result. 
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From Eq. (2.8), appropriate fill factors satisfying these solutions are F=nL/(nL+nH). 

These values of F are therefore reasonable for experimental realization. In the 

subwavelength regime, to ensure that at least one resonance arises from the mth 

diffraction order, the Rayleigh wavelength should be smaller than the cutoff 

wavelength (i.e.,    <   
m). This yields a constraint F > ns/2nH for m=1. Previously, 

Lalanne et al. obtained a numerical solution for   
  and pointed out its analogy with 

the Rayleigh wavelength [15]. One significant point in our solution is that the cutoff 

wavelengths are fixed and will not change with changes in the refractive index of 

the cover and substrate. 

In this spirit, one can engineer the spectral response and the number of 

diffracted orders at work by appropriately choosing the values of    and    
m for 

grating design. For example, the grating design depicted in Figure 2-4(a) having 

parameters F=1/3, Ʌ=1 µm, nH=2, and nL=1 satisfies Eq. (2.8). Thus, the cutoff 

wavelengths for each evanescent diffracted order can be obtained analytically as 

expressed in Eq. (2.9) which returns values of  𝜆𝑐
 =4/3~1.33 µm and  𝜆𝑐

 =2/3~0.66 

µm for the first two orders. The Rayleigh wavelength of this design is λR=1 µm 

which is smaller than the first order cutoff wavelength  𝜆𝑐
 =4/3~1.33 µm. 
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Figure 2-4 Grating design with parameters satisfying conditions for an analytic 

study. (a) Schematic of the half-space grating model, (b) graphical solution of Eq. 

(2.7) to find the cutoff wavelengths of the diffracted waves in the grating region, 

(c) schematic of a grating membrane with finite thickness, and (d) corresponding 

reflection map as a function of grating thickness (dg). 

 

 

To validate the accuracy of our method, it is seen in Figure 2-4(b) that 

graphical solutions of Eq. (2.7), give the exact same values as obtained analytically 

by Eq. (2.9). Figure 2-4(c) shows a schematic of a grating membrane surrounded 

by air (nair=1) with finite thickness of dg. For this design, the cutoff wavelengths 

shown by dashed lines in Figure 2-4(d), which is a RCWA-simulated reflection 

map, are in full agreement with the analytical cutoff values.   
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2.3 Relevance of Rytov’s formulation to resonance device design 

In this section, we show that the Rytov effective refractive indices are 

directly applicable to design of periodic photonic devices, including metamaterials 

and metasurfaces. Their deployment fully supports prior explanations of resonance 

device physics in terms of lateral leaky Bloch modes and guided-mode resonance 

[7,8,35]. Their existence and spectral expressions are not consistent with resonance 

effects caused by local modes including Fabry-Perot resonance or Mie scattering 

[37, 38]. Here, we treat example devices whose spectra and functionality are 

directly explainable using the Rytov indices. 

2.3.1 Wideband resonant reflector 

One particularly useful device is the wideband resonant reflector in which 

nanopatterned design provides high reflectivity approaching 100% over a wide 

wavelength range [7,39]. Numerous studies have addressed these compact, often 

single-layer, reflectors both theoretically and experimentally for various optical 

wavebands [15,35,38-41]. Here, we apply the Rytov indices to substantiate the 

physical basis for the wideband reflection behavior. In this context, the half-space 

grating structure with parameters shown in Figure 2-5(a) is considered for the 

analysis. Corresponding roots of the exact Rytov equations for both TM and TE 

polarization states are found and the results are shown in Figures 2-5(b) and 2-5(c), 

respectively. Similar curves were obtained by Lalanne et al. [15] using an RCWA-
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based numerical algorithm. For the TM case shown in Fig. 5(b), there are two 

significant points to be considered. The first one concerns the values of the cutoff 

wavelengths for each guided diffracted order and the second pertains to the shape 

of the index curves. For instance, it is illustrated in Figure 2-5(b) that in the 

wavelength range of 1.25 μm to 3 μm, beyond the cutoff wavelength of the second 

order, only    
   and    

   exist in the effective refractive index diagram. 

Consequently, these two orders with m=0 and m=1 are responsible for all important 

spectral properties. Furthermore, it is seen that the slopes of the curves are almost 

identical with both curves varying monotonically in a wide wavelength range 

depicted by the gray region in Figure 2-5(b). This is a key point to achieve 

wideband reflector response as the wavelength dependent phase difference (Δφ) 

accumulated in the z direction between these two orders at work is defined by 

Δφ=(2π/λ0)(     
𝐸𝑀𝑇(𝜆 ) −    

𝐸𝑀𝑇(𝜆 )) dg which is proportional to the effective 

refractive-index difference of the first two orders obtained by the exact Rytov 

expression. Therefore, our method enables prediction as to whether to expect a 

wideband reflector behavior from a one-dimensional grating structure, simply by 

calculating effective refractive index graphs without performing any rigorous 

numerical simulations. The closed-form Rytov formulas might thus substantiate 

efficient design methods. Applying this approach to Figure 2-5(c), it is seen 

directly that no wideband reflection response will arise out of this design for TE 

polarization as the slopes of the two curves differ significantly. To confirm our 
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hypothesis, we performed RCWA-based simulations for the structure shown in 

Figure 2-5(d). Simulated zero-order reflection maps of this grating design for TM 

and TE cases are shown in Figures. 2-5(e) and 2-5(f), respectively. These maps 

validate our predictions of wideband reflection response occurring in TM 

polarization but no wideband reflection response for the TE case. Wideband 

reflectors are related to the regions with dark red colors in a wide wavelength range. 

These appear in the TM map at some specific grating thicknesses dg which provide 

an appropriate phase difference (completely in phase) for high reflection since 

Δφ∝dg. Explanation of wideband resonance reflection applying the spectral phase 

pertinent to similar, albeit numerically-simulated, effective indices was first 

provided by Lalanne et al. [15]. 
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Figure 2-5 An example demonstrating the use of the Rytov indices for design of a 

wideband resonant reflector. (a) Schematic of the half-space model. Calculated 

effective refractive indices using the Rytov formalism for (b) TM-polarization, and 

(c) TE-polarization states. (d) A schematic of a corresponding grating membrane 

with parameters Ʌ= 0.72 μm, F=0.78, nH=3.5, and nL= nair=1. Simulated reflection 

maps in wavelength versus grating thickness (dg) pertinent to normally-incident (e) 

TM-polarized, and (f) TE-polarized light. In the maps, dark red color implies R0 

approaching 1. 
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2.3.2 Guided-mode resonant bandpass filter 

Another important grating-based optical device is the sparse, single-layer 

bandpass filter (BPF) exhibiting low transmission sidebands and high-efficiency 

narrow-band transmission peak [42-45]. Low transmission sidebands and a 

transmission resonance peak correspond to a wideband high-reflection background 

and a reflection resonance dip, respectively. To study this device type, a half-space 

model and the corresponding calculated Rytov refractive indices are shown in Fig. 

6(a). We choose the grating parameters to satisfy Eq. (2.8) to analytically obtain 

the cutoff wavelengths. As in the explanation of the wideband reflector, similarity 

in the slopes of the nEMT curves enables an appropriate phase difference to obtain 

high reflectivity at a specific device thickness. 
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Figure 2-6 Rytov indices in bandpass filter analysis and design. The example filter 

works in TE polarization with parameters of Ʌ= 1 μm, F=0.4, nH=4, and nL=8/3, 

and nair=1. (a) Schematic of the Rytov half-space model and calculated effective 

refractive indices. (b) Schematic of the attendant grating membrane with finite 

thickness and its simulated reflection map as a function of grating thickness (dg). 

(c) Bandpass filter response of the device with grating thickness of dg=0.51 μm. 

Inset in (c) shows the amplitudes of the coupling diffracted orders at the resonance 
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wavelength of λRes=1.50542 μm. (d) Electric field distribution at resonance 

exhibiting a TE20 profile. 

 

Thus, we expect a wideband reflector response in the wavelength range 

where Δn/λ0 is relatively constant. This condition prevails in the gray region of the 

EMT graph of Figure 2-6(a). This figure is significantly different from Figure 2-

5(b) in that the gray region in Figure 2-5(b) contains only    
   and   

    whereas 

the gray region in Figure 2-6(a) encompasses   
   ,   

   and    
   . As    

    

and    
    are responsible for a wideband reflection background, bringing the 

second order    
    to work will manifest as a reflection dip resonance feature in 

the optical spectrum because it exists within a region of total reflection. Figure 2-

6(b) shows a schematic of the membrane version of the half-space grating design 

of Figure 2-6(a) and its reflection map as a function of grating thickness. The 

reflection map agrees well with the analytic solutions for the cutoff wavelengths 

and with the number of orders at work experiencing   
   ,   

   , and    
   . The 

resonance feature predicted based on the existence of the    
    curve in the 

effective refractive index graph is marked as TE20 in the reflection map of Figure 

2-6(b). Figure 2-6(c) confirms a bandpass filter response having a wideband high 

reflection background. At the reflection dip wavelength, the inset in Figure 2-6(c) 

reveals that the second evanescent diffraction order m=2 is dominant showing that 

a non-zero    
    is key to realizing a bandpass filter. The electric field distribution 

at the resonance wavelength shown in Figure 2-6(d) furthermore indicates TE20 
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response (fundamental mode excited by the second evanescent order) consistent 

with our model. In summary, the Rytov treatment of the resonant BPF is fully 

consistent with, and supports, prior descriptions of BPF physics [42,43,45]. 

2.3.2 Guided-mode resonance polarizer 

The linear resonant polarizer is the final device example presented. In the 

past, it has been shown that ultra-compact polarizers with high extinction ratios are 

realizable with resonant gratings [7,46,47]. Treating here a known polarizer [47], 

the design schematic is shown in Figure 2-7(a) displaying a small fill factor (F=0.1) 

with nH=3.5 embedded in a medium with refractive index of 1.5 in a way that nL= 

nC= nS=1.5 under normal incidence. Figure 2-7(b) shows computed λ-dg reflection 

maps for TE and TM polarization states. At the specific thickness of the grating 

denoted by the dashed line, TE polarization exhibits high reflection while TM 

reflectance is suppressed. Reflectance spectra for a grating with thickness dg=0.54 

μm as shown in Figure 2-7(c) reveal a good polarizing response in a wavelength 

range of 1.3-1.5 μm. To elucidate the polarization behavior in the Rytov picture, 

we calculate TE and TM Rytov indices as presented in Figure 2-7(d). Again, the 

parallelism of the   
    and   

    curves in TE polarization enables a wideband 

reflector response. In contrast, for TM polarization in Figure 2-7(d) in the working 

range of the polarizer, only    
    exists. Consequently, we see that no guided-
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mode resonance features will occur in the TM case consistent with the simulated 

reflection map in Figure 2-7(b).  

 

Figure 2-7 Rytov analysis of a sparse grating polarizer with parameters Ʌ= 0.86 

μm, F=0.1, nH=3.5, and nL=1.5 extracted from Ref. [47]. (a) Schematic of the design 

with finite grating thickness of dg, (b) RCWA-based λ-dg reflection map for TE and 

TM polarization states, (c) reflectance spectra with dg=0.54 μm, and (d) exact Rytov 

effective refractive index diagram for TE and TM cases. 

 

2.4 Conclusion 

In summary, we present Rytov refractive indices obtained by solving the 

exact Rytov formulation initially derived in 1956. In contradiction to past work 

where effective medium theory returns a single effective index for a given device, 

the full formalism provides multiple solutions based on the multiple roots inherent 
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resonant reradiated Bloch modes experience wavelength-dependent refractive 

indices that are solutions of Rytov’s closed-form expressions. Moreover, the full 

set of Rytov indices is directly applicable to design of periodic photonic devices, 

including metamaterials and metasurfaces. Their manifestation fully supports the 

diffractive-optics explanation of resonance device physics in terms of lateral leaky 

Bloch modes and guided-mode resonance. The cutoff wavelengths of the 

evanescent diffraction orders define their spectral region of dominance and 

interaction. The spectral slope of the Rytov indices predicts spectral ranges across 

which the reradiated Bloch modes will be in phase or out of phase. Thus, for 

example, it is possible to predict whether to expect a wideband reflector behavior 

from a one-dimensional grating structure simply by calculating effective refractive 

index graphs without performing any rigorous numerical simulations. The closed-

form Rytov formulas might thus substantiate efficient design methods. The fact that 

the cutoff wavelengths are directly embedded in the formulation enables definition 

of the dividing line between the resonance subwavelength region and the deep-

subwavelength region based on the cutoff wavelength of the first evanescent 

diffraction order. This important transition point is always numerically available 

via the Rytov formulation. In a special case, we find that the transition wavelength 

is given by   
 = 2F HɅ which is directly comparable to the universal Rayleigh 

wavelength λR = nSɅ that defines transition from the non-subwavelength to the 

subwavelength regime. We successfully apply the Rytov formalism to reliably 
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describe the behavior of various optical devices, such as wideband reflectors, 

resonant bandpass filters, and guided-mode resonance polarizers. Rigorous 

numerical results support all of our explanations and predictions. Future studies 

might investigate and extend the methods of this study to more complex lattices 

such as those with multipart unit cells. Additionally, since the fundamental 

properties of the elemental 1D lattices studied here transfer in large measure to 

corresponding 2D lattices, extension of this work to 2D periodic metasurfaces is of 

interest. The utility and precision with which the simple Rytov formalism applies 

to resonant photonic lattices including metamaterials is an important discovery that 

will come as a surprise to most and will count as a major advance in the 

development of the field. 

Therefore, the key advances we made in this study include: 

1. Solving the exact Rytov formula returns one, multiple (can be infinite) effective 

refractive index values  𝑚
𝐸𝑀𝑇 (𝑚 =  1, 2,… ) , depending on the working 

wavelength, in strong contradiction with previous studies returning one refractive 

index values per wavelength based on the approximated formalism. 

2. The number of these values directly and accurately determines the number of 

diffracted orders at work, hence determines whether we are in deep suwavelength 

or resonance subwavelength region. Based on this, we define a clear transition 

wavelength between the resonance subwavelength region and deep subwavelength 
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region using the cutoff wavelength of the first diffracted order   
𝐸𝑀𝑇. This transition 

point was not clearly defined previously in the literature.  

3. For specific grating structures simple analytical formula exactly predict the 

cutoff for each order. For this structure, we find that the transition wavelength is 

given by   
 = 2ɅF H (Λ: period, F: filling factor of the period constituent with 

refractive index of nH) which is directly comparable to the Rayleigh wavelength 

λR=nSɅ (nS: refractive index of the substrate) that defines transition from the non-

subwavelength to the subwavelength regime. Furthermore, in the subwavelength 

regime, to ensure that at least one resonance arises from the mth diffraction order, 

the Rayleigh wavelength should be smaller than the cutoff wavelength (i.e.,    

<   
m). This yields a constraint F > ns/2nH for m=1. 

4. The cutoff wavelengths define the spectral location where a new evanescent 

diffraction order, with attendant lateral Bloch-mode excitation, enters and begins 

to participate in the resonance dynamics. 

5. Surprisingly, we demonstrate that this equation can apply to the practical 

resonant photonic lattices possessing finite thickness. 

6. We stablish new, simple yet precise insights to comprehensively explain the 

underlying physics of the mathematically simulated results. 

7. Not only the cutoff values but also the shape of the  𝑚
𝐸𝑀𝑇 curves will determine 

the optical response of the periodic metasurfacs. 
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8. We show that the first evanescent order cutoff wavelength (𝜆𝑐
 ) and Rayleigh 

wavelength (λR) should follow specific condition to ensure that at least one 

resonance arises from the mth diffraction order. 

9. With our model, we can predict the spectral response of the one-dimensional 

periodic structures. Our predictions completely match with RCWA-based 

simulation results. 

10. We successfully apply the Rytov formalism to reliably describe the behavior of 

various optical devices, such as wideband reflectors, resonant bandpass filters, and 

guided-mode resonance polarizers. 
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Chapter 3  

Metamaterial polarizer providing principally unlimited extinction 

Polarizers are used in a host of common products. In display technology, 

TV and computer monitors contain two polarizing layers, one on each side of the 

liquid-crystal display sheet that generates the image. Moreover, they are used in a 

wide variety of imaging applications, in telecommunication systems, and in laser 

technology. Linear polarizers pass one particular polarization state while blocking 

all other states. Conventionally, the polarization state is defined by the spatial 

direction of the electric-field component of the wave relative to the plane of 

incidence. The efficiency of a linear polarizer operating in transmission is ascribed 

to the extinction ratio which is defined by the transmittance of the desired 

polarization divided by the transmittance of the unwanted polarization state. Thus, 

the extinction ratio of the ideal linear polarizer approaches infinity.  

Conventional polarizers based on natural crystals and multilayer thin films 

are commonplace. Dichroic polarizing crystals absorb light with electric field along 

a defined crystal axis permitting another state to survive. Sheet polarizers and metal 

nanocomposite-particle polarizers operate similarly [48,49]. Classic multilayer 

films are used in polarizing beam splitters at oblique incidence because 

homogeneous films, multilayer or not, cannot polarize light at normal incidence 

[50]. Wire-grid polarizers (WGPs) are made with parallel grids of wires that have 

nanoscale spatial features for visible light wavelengths as the period of the wires is 
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300 nm or less. The WGPs operate in transmission and work by absorbing and 

reflecting the polarization state with the electric-field vector along the wires while 

transmitting the component with electric-field vector orthogonal to the wires 

[51,52]. Advantages of devices not based on metals, such as those presented here, 

include low loss, high efficiency, easy handling, and ability to work as good 

polarizers in reflection, transmission, or both.  

In the context of the present work, dielectric metasurfaces employing 

compact subwavelength structures or form-birefringent gratings have been used to 

fashion polarizers in the past. Tyan et al. experimentally realized an extinction ratio 

of ~830 at wavelength λ=1.523 µm based on a multilayer subwavelength binary 

grating design [53]. Delbeke et al. fabricated a grating-based polarizing beam 

splitter in monolithic GaAs with an experimental extinction ratio of ~72 at λ=10.6 

µm [54]. Engaging the guided-mode resonance effect, Lee et al. fabricated a 

polarizer operating in the telecommunication band with a bandwidth of 40 nm and 

extinction ratio of ~97 [55]. Attempting to improve device performance, Lee et al. 

reported resonant polarizers made of nearly lossless materials including TiO2, 

Si3N4, and Si [56]. Recently, wideband polarizers based on sparse low loss 

dielectric resonant photonic lattices were reported. Employing high aspect ratio 

nanogrids and matched refractive index of cover and substrate, a bandwidth of ~190 

nm with extinction ratio less than 100 was found [47].  
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Moreover, there is immense current interest in the nanophotonic properties 

of dielectric metasurfaces with subwavelength spatial dimensions. Numerous 

publications address wavefront control and polarization analysis using 

metasurfaces to realize functionality comparable with bulky traditional elements 

[57-59]. Control of phase and polarization was sought using effective metasurfaces 

fashioned with elliptical nanoposts [60]. Full-Stokes imaging polarimetry was 

achieved via dielectric metasurfaces [61]. Finally, broadband linear polarization 

conversion using dielectric antennae was reported by Yang et al. [62].  

Here, we report the design, fabrication, and characterization of metasurface 

polarizers based on the guided-mode resonance effect achieving excellent results. 

We design an elemental polarizer containing a single-layer grating on a substrate 

with air cover. This building block polarizer has a low aspect ratio and is thus 

expeditiously fabricated. Then, we demonstrate both theoretically and 

experimentally that stacking our individual metasurface polarizers results in a 

polarizer device with high extinction ratio, broadband operation, wide angular 

tolerance, and compact size. The physical mechanism operative in these devices is 

totally different from any other polarizing concept in current use. Our polarizer 

provides 100% transmission in TM or p-polarization and 100% reflection in TE or 

s-polarization. Thus we demonstrate nearly zero-insertion-loss polarizers that 

function simultaneously in transmission and reflection at normal incidence, an 

attribute not possessed by present polarizer technologies. Common polarizers 
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currently in use have some degree of insertion loss with transmission of useful 

polarized light ranging from ~50% to ~95%. Whereas each fundamental resonance 

polarizer layer possesses considerable polarizing capability, by vertically stacking 

the layers, we can attain arbitrarily high extinction ratios across substantially wide 

spectral bands while maintaining low insertion loss and compact size. 

3.1 Elemental polarizer design 

First, we develop basic individual polarizers possessing a single-layer 

grating to operate in the near-IR band on commercially available silicon-on-quartz 

(SOQ) wafers (Shin-Etsu Chemical Co., Ltd). The SOQ platform used in our 

experiment contains a 220-nm-thick crystalline silicon film (c-Si) on a quartz 

substrate. Figure 3-1(a) illustrates the schematic and design parameters of the 

elemental polarizer. The refractive index of Si and quartz are 3.45 and 1.45 as there 

is a minimal dispersion in these materials in the desired wavelength range of ~1400-

1700 nm. 
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Figure 3-1 Elemental metasurface polarizer. (a) Schematic of the individual 

metasurface polarizer, made with a Si grating on a quartz substrate, indicating high 

transmission for TM polarization while suppressing the transmission of the TE 

polarization state. The physical parameters of the subwavelength grating model are 

period (Ʌ), grating depth (dg), and fill factor (F). Transmission map of a 

subwavelength Si grating as a function of fill factor F for (b) TE and (c) TM 

polarization states where Ʌ=0.95 µm and dg=0.22 µm and where F=0.28 is marked 

with dashed lines. 

 

Figures 3-1(b) and 3-1(c) display zero-order transmission (T0) maps of the 

individual polarizer as a function of fill factor (F) pertinent to the TE and TM 

polarizations, respectively. The TM polarization state has an electric field 

perpendicular to the grating grooves as noted in Figure 3-1. Based on the color 

scale bar, dark red areas show high transmission whereas dark blue regions 
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represent low transmission. The white dashed line shows the fill factor at which a 

wideband polarizer can be achieved based on the highest transmission difference 

for TE and TM polarization states. Moreover, it is shown that physical dimensions 

of period Ʌ=0.95 µm, grating depth dg=0.22 µm, and grating fill factor F=0.28 

result in high and low transmission responses under TM and TE polarization, 

respectively, in the 1450-1650 nm wavelength range.  

3.2 Multilayer polarizer design 

To improve the extinction ratio (ER= TTM/TTE) of the polarizer while 

maintaining low loss and high transmittance, cascading two or multiple individual 

polarizers is proposed. The lossless nature of the materials in use in each individual 

polarizer allows us to stack them to improve the polarizer performance. The inset 

in Figure 3-2(a) shows the cascaded device architecture composed of two 

individual polarizers with F=0.28 separated by an air gap with thickness dgap.  

Transmission maps of the dual-metasurface structure while changing the air gap 

thickness are shown in Figures 3-2(a) and 3-2(b) for TE and TM polarization 

states, respectively. Transmission spectra corresponding to white dashed lines 

(𝐴′, 𝐵′) for air gap thickness of dgap=1.5 µm are shown in Figure 3-2(c). Moreover, 

Figure 3-2(e) depicts the higher extinction ratio and wider bandwidth for the dual-

metasurface polarizer compared to the elemental metasurface design. These 

individual metasurfaces are not coupled in the cascaded design as the separation 
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distance exceeds a micrometer. Therefore, there is a negligible effect in device 

performance associated with any lateral displacement of the top and bottom 

gratings. Note that the top and bottom polarizers have identical physical parameters. 

 

 
 

 

Figure 3-2 Dual cascaded metasurface polarizer module. (a) Schematic of a 

double-cascaded polarizer module separated by an air gap with thickness of dgap. 

The calculated transmission spectra for (b) TE and (c) TM polarization states. (d) 

Transmission spectra pertinent to white dashed lines illustrated in the transmission 

map of the individual device (A, B) and stacked device (𝐴′, 𝐵′). (e) Calculated 

extinction ratio of the elemental and the dual-cascaded module. 

 

In addition, because our polarizers are nanopatterned and periodic, they 

work perfectly at normal incidence—an extremely common and important case for 

optical systems. In comparison, multilayer thin-film stacks, which constitute 

perhaps the most important current commercial polarizer type, do not work at 
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normal incidence on account of the fundamental physics of homogeneous thin 

films. The stacked nanograting polarizers provide a good angular tolerance with 

sustained extinction ratios under angular deviation of incident plane waves and for 

non-collimated illumination. 

3.3 Experimental results 

To fabricate the polarizers, the SOQ substrates measuring 25x25 mm2 are 

coated with SEPR-701 positive photoresist, followed by a one-minute soft bake 

process at 110ºC. Applying laser interference lithography (LIL), we expose a 3x3 

array of 5x5 mm2 devices and develop the photoresist film to create a 1D resist 

mask on the c-Si film. The mask patterns transfer to the c-Si film via a reactive-

ion-etch (RIE) process. Etching time is optimized based on the etch rate of c-Si. 

Subsequently, residual photoresist is removed by O2 ashing. Scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) measurements are used to 

verify the final device dimensions. The SEM images shown in Figure 3-3(a) 

confirm that uniform high-quality Si gratings are fabricated via LIL which 

translates to low scattering loss due to the fabrication process.  

To measure the transmission spectra of the fabricated devices and 

investigate their actual performance, we employ a supercontinuum light source to 

produce an incident beam and near-IR optical spectrum analyzer (OSA) to detect 

the transmitted light. The polarized transmission measurements of the fabricated 
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samples (signal power) are made by inserting a Glan-Thompson polarizer 

(Thorlabs) with extinction ratio of 100,000:1 in the beam pathway. The reference 

transmission power is measured by removing the samples from the beam pathway 

and collecting the output power from the Glan-Thompson polarizer for each 

polarization state. Finally, the normalized transmission spectra for fabricated 

samples pertinent to both TE and TM incident waves are calculated by dividing the 

signal power by the reference power measured via the detector. An excellent 

quantitative agreement is illustrated in Figure 3-3(b) between the simulated and 

experimental results for the fabricated polarizers. Figure 3-3(c) shows the 

extinction ratio of the fabricated individual polarizer. 

To prepare the proposed dual-metasurface polarizer module, the separation 

distance of the gratings, dgap, must be controlled. This control is achieved by spin 

coating a layer of photoresist (s-1813) on the patterned SOQ wafer and exposing 

the device area through a mask. This process results in a 1.5 µm thick PR frame 

surrounding the 3x3 device array. The side-view SEM image in Figure 3-3(d) 

confirms that the elemental polarizing films are separated by dgap~1.5 µm in the 

module. Zero-order spectra for TE and TM polarized transmission for the cascaded 

device are shown in Figure 3-3(e) whereas Figure 3-3(f) shows the measured 

extinction ratio of the module. It is clearly observable that the extinction ratio of 

the dual-cascaded module is an order of magnitude larger than that of the elemental 

polarizer. A key practical advantage of the face-to-face arrangement in the dual-
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grating module is that the grating layers are completely isolated from the 

surrounded environment. This situation ameliorates cleaning and handling 

concerns pertinent to many types of conventional polarizers when exposed to 

different environments. 

 

 
 

Figure 3-3 Fabricated elemental and dual-cascaded polarizers. (a) SEM image of 

the fabricated elemental polarizer. (b) The simulated and experimental transmission 

spectra for TE and TM polarization states of the single device. (c) Measured 

extinction ratio of the elemental polarizer. (d) Side view SEM image of the 

fabricated polarizer module with controlled separation distance. (e) TE and TM 

polarized transmittance of the cascaded polarizer. (f) Measured extinction ratio of 

the dual-grating module. 

 

 

To further improve polarizing efficiency, we stack two identical dual-

grating modules and measure the resulting transmission spectra. A schematic of 
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extinction ratio. We achieve an extremely high extinction ratio ER> 108 in the ~1.45 

to 1.6 µm spectral domain across a ~150-nm-wide band. An image of the fabricated 

polarizer is provided in the inset of Figure 3-4(b); total device thickness is only 2 

mm. The zero-order measured transmission spectra of the dual-module under TE 

and TM polarized incident light are shown in Figure 3-4(c). We see that the 

normalized transmission of the TE polarization state is suppressed to values less 

than 10-5 while the TM transmission is high due to the lossless nature of our 

polarizer. The extinction ratio of this device reaches ~100,000 which is the highest 

experimental value for metasurface polarizers reported to date. It is worth noting 

that Glan-Thompson polarizers are made of calcite which is sensitive to 

temperature and prone to thermal shock; in contrast, our devices can tolerate high 

temperatures and thermal variations. Measured data in Figure 3-4(d) shows very 

high value of ER for the dual module polarizer device. 
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Figure 3-4 Dual-module polarizer. (a) Schematic layout. (b) Calculated extinction 

ratio. The inset shows a photograph of our polarizer. (c) Logarithmic scale zero-

order transmission spectra for TE and TM polarization states. (d) Extinction ratio 

of the fabricated polarizer. 

 

Measuring very low and very high transmittance accurately is a challenge. 

Thus, we verify the results by a Muller matrix formulation developed to determine 

high unknown extinction ratios using a known polarizer with a verified extinction 

ratio. The extinction ratio of our device can be calculated by [63] 
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where ER1 and ER2 are the known and unknown extinction ratio values in a system 

containing a pair of polarizers while unpolarized light is incident on the system. 

The pair contrast ratio (r12) is the transmission intensity ratio between parallel and 

crossed alignment of the polarizers obtained with a power meter. Figure 3-5(a) 

shows a schematic of our measurement setup containing the Glan-Thompson 

polarizer with a known extinction ratio (ER1~100,000) as specified by the 

manufacturer and the dual-module polarizer with an unknown extinction ratio 

(ER2). According to the setup, un-polarized light is incident on both polarizers and 

the unknown extinction ratio ER2 can be determined using Eq. (3.1). Figure 3-5(b) 

confirms a good agreement between the ER found by Eq. (3.1) and the ER in Figure 

3-4(d). 

 
Figure 3-5 High extinction ratio measurement setup. (a) Schematic of the setup 

containing a pair of polarizers with extinction ratios of ER1 and ER2. The parallel 

and crossed alignment of these polarizers is realized by rotating the Glan-

Thompson polarizer. (b) Measured pair contrast ratio as in Fig. 4(d) (black line) 

and calculated pair contrast ratio based on Eq. (3.1) (blue line). 
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3.4 Conclusion 

We provide cascaded multi-metasurface architectures to linearly polarize an 

incoming electromagnetic wave to achieve an ultra-high extinction ratio not seen 

in individual metasurfaces. The backbone of the multi-module polarizer is an 

individual polarizer made of a 220-nm-thick subwavelength periodic Si grating on 

a quartz substrate. The numerical and experimental results show that our device is 

invisible to the TM polarization state while reflecting the TE polarized light 

efficiently. Moreover, we show experimentally that cascading four metasurfaces in 

a dual-module structure results in a record extinction ratio of ~100,000 in a sparse 

2-mm-thick device. Extinction ratios at this level are obtainable in bulky, 

expensive, and sensitive commercially available polarizers. On account of the 

lossless nature of the materials used to fashion each elemental polarizer, we achieve 

a compact, robust module with a comparable extinction ratio. Further development 

of the basic concepts explored may lead to a new class of practical polarizers with 

performance exceeding that shown here. 
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Chapter 4  

Optical devices based on nanoimprinted nanocomposites 

Organic-inorganic nanocomposites exhibit new properties not available in 

their separate constituents. Novel and useful properties of nanocomposites originate 

from the combination of the advantages of their constituent organic and inorganic 

materials [64]. There are two main types of nanocomposite preparation techniques: 

The in-situ method which contains synthesis and growth of nanoparticles inside an 

organic material and the ex-situ method that involves uniform dispersion of the 

premade nanoparticles in the polymer matrix [65,66]. Numerous studies have been 

conducted to tune the refractive index of organic materials by incorporating high 

refractive index inorganic materials such as ZnS [67,68], ZrO2 [69], TiO2 [70,71], 

and PbS [72,73]. Critical issues associated with nanoparticles are particle size and 

dispersion quality in the host polymer. Rayleigh scattering and attendant intensity 

loss of transmitted light from the nanocomposite is managed by choosing the size 

of the embedded particles to be, for example, below one-tenth of the incident 

wavelength. Moreover, scattering associated with agglomeration of the 

nanoparticles takes place especially when the refractive index of nanoparticles is 

high compared with the host polymer. In addition, as the particle size decreases, the 

specific surface area, the surface energy, and the mobility of the nanoparticles due 

to Brownian diffusion increases, which translates to incessant collisions between 

the particles with proclivity to agglomeration [74, 75]. By using an appropriate 
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dispersion process in the ex-situ method, the agglomeration can be minimized by 

reducing attractive forces between the nanoparticles. The more reliable method to 

enhance dispersibility and reduce agglomeration is to keep the nanoparticles 

separated from each other by attaching organic chains to the surface of the 

nanoparticles which act as spacers [76]. Through the nanocomposite process, 

mechanical and optical properties of organic materials can be improved and 

manipulated.  

Whereas the emphasis here is on fabrication methodology, we provide 

examples of prototype guided-mode resonance filters. The guided-mode resonance 

effect occurs in thin-film structures containing 1D or 2D periodic layers enabling 

applications for instance in lasers [77], biosensors [78,79], and spectral filters 

[6,80]. In general, attendant modal resonances stimulate rapid changes in the 

distribution and localization of electromagnetic nearfields as well as in reflected or 

transmitted light beams. To obtain leaky mode resonances, an appropriate refractive 

index contrast modulation is required. Therefore, it is necessary to tune the 

refractive index of polymer. The geometric characteristics of resonance devices 

such as refractive index (n), grating thickness (dg), homogenous layer thickness 

(dh), grating period (Λ), and fill factor (F) affect the final spectral response. 

Resonance conditions prevail as an incident light wave couples to leaky, or quasi-

guided, lateral Bloch modes supported by the periodic device. 
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In NIL, patterns on PDMS stamp can be transferred to imprint materials 

[81]. The resulting structure, which has dimensions defined by the original master, 

acts as the final device [82-84]. Among critical issues in the NIL process is 

simultaneous control of the uniformity and thickness of the imprint material which 

in some applications including resonant optical devices play a vital role [85,86].  A 

common solution involves applying pressure on the stamp which may not be 

sufficiently precise for demanding applications. In addition, applying a uniform 

pressure to all parts of the soft and flexible stamp and imprint material needs 

accurate control of the applied pressure and special nanoimprint equipment [87-

89]. Another solution is placing the imprint stamp in contact with a spin coated 

layer of a low viscosity polymer follow with the curing process [90]. Here, we use 

a convenient method to control the uniformity and thickness of imprint material 

without applying pressure by fabricating a channel. In this work, as an example 

application, we present simulated and fabricated optical devices made of UV 

curable NOA73 blended with Si nanoparticles based on the NIL method. 

4.1 Experimental methods 

Commercially available polycrystalline laser-synthesized Si nanoparticles 

with diameter < 80 nm and an optical adhesive NOA73 are the nanocomposite 

constituents applied here. The host polymer with refractive index of 1.56 with low 

viscosity (130 cps) acts as a matrix for the nanocomposite. The ex-situ method is 
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used to produce the nanocomposite as a resist or imprint material. For ex-situ 

preparation of the nanocomposite, the Si nanoparticles were homogeneously 

dispersed in NOA73 at room temperature via a sonication probe for 30 seconds at 

40 watts. The dynamic light scattering (DLS) technique was used to measure the 

particle size distribution of the nanoparticles existing in the polymer matrix. The 

refractive index of the nanocomposite corresponds to the volume percentage of the 

incorporated particles in the matrix material. To predict the refractive index (n) of 

final the nanocomposites the rule of mixture is used as: 

                                        nanocomposite filler filler matrix matrixn n V n V     (4.1) 

 

which is proportional to the volume fractions Vi and refractive indices ni of the filler 

(Si) and matrix material (NOA73). Here we select Si as a filler because it has high 

refractive index with n~3.45 in the spectral band of interest and low density (ρ = 

2.33 g/cm3) comparable with other high refractive index materials. 

Polyvinylpyrolidone (PVP; molecular weight ~55000) is used to functionalize the 

surface of the Si nanoparticles. To obtain functionalized surfaces, the PVP was 

attached to the particle surface by addition of 150 mg of Si nanoparticles and 150 

mg of PVP to 15 mL of deionized water and then sonicated in a water bath. The 

mixture was centrifuged to remove the unbound excess of PVP followed by 

washing and redispersion. Then, unadsorbed PVP was removed by repeated 

centrifugation/wash/redispersion cycles [91]. Attenuated total reflectance FTIR 
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(ATR-FTIR) spectroscopy enables confirmation of the attachment of the PVP to 

the surface of the nanoparticles. 

In our study, PDMS was used to make the stamp that contains a negative 

pattern of the patterned silicon wafer (master template). The NIL process used to 

fabricate the guided-mode resonance (GMR) device structures is summarized in 

Figure 4-1. 

 
 

Figure 4-1 Nanoimprint device fabrication method. (a) PDMS stamp peeled off 

from the silicon master. (b) Nanocomposite poured on a glass substrate. (c) UV 

curing of the nanocomposite through the PDMS stamp. (d) A final nanoimprinted 

device with specific physical parameters. 

 

To implement rapid curing of the nanocomposite, we used a high-power 

UV-cure system with lamp power of 600 watts and irradiance of 175 mW/cm2.  

Different concentrations of Si nanoparticles were incorporated into the NOA73 

matrix with n=1.56 to tune the refractive index of NOA73 to 1.9, 2, and 2.1 with 
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filler volume percentage of 18%, 23%, and 28%, respectively. These 

nanocomposites were employed to fabricate nanoimprinted GMR devices with 

similar geometric characteristics but different refractive indices. Spectral 

measurements were carried out with a super continuum light source and a near-IR 

optical spectrum analyzer (OSA). 

4.2 Results and discussion 

After mixing the nanoparticles via the sonication probe, dynamic light 

scattering (DLS) measurements for low filler concentration nanocomposites were 

carried out to determine the particle size distribution. The DLS results in Figure 4-

2 show an appropriate dispersion quality immediately after the sonication process 

and verify the particles size is in the range of the specified nanoparticles. This 

confirms proper dispersion conditions and uniform distribution. Another 

measurement after 15 minutes demonstrates formation of agglomeration during this 

interval of time such that now ~95% of mixture particles have diameters up to 800 

nm. On the other hand, the DLS curve for the PVP-coated silicon nanoparticles 

shows a low level of agglomeration after 15 minutes demonstrating the 

effectiveness of the surface treatment to reduce agglomeration. 
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Figure 4-2 DLS measurements of as-sonicated, non-treated, and PVP-treated 

silicon nanoparticles after 15 minutes. 

 

Moreover, ATR-FTIR measurements were done to confirm the attachment 

of the PVP polymer to the surface of the silicon nanoparticles. Figure 4-3 depicts 

the ATR-FTIR spectra related to the pure PVP, the as-received silicon nanoparticles 

and the PVP-coated silicon nanoparticles. The absorbance peaks at 1660 cm-1, 1425 

cm-1, and 1290 cm-1 are related to the characteristic peaks of C=O groups, scissoring 

bending of CH2 groups, and C-N stretching vibrations of PVP, respectively [92]. 

These characteristic PVP dips are clearly shown in the transmitted spectrum of the 

functionalized nanoparticles which indicates existence and formation of the PVP-

coated silicon nanoparticles. In contrast, none of these characteristic peaks were 

detected in as-received nanoparticle spectra. 
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Figure 4-3 ATR-FTIR measurements for pure-PVP, as-received silicon, and PVP-

coated silicon nanoparticles. 

 

The SEM images in Figures 4-4(a)-(c) demonstrate the importance of the 

surface modification of the nanoparticles to minimize the formation of 

agglomeration. Although the surface treatment of the nanoparticles can prevent 

agglomeration, for highly loaded nanocomposites in which the particles are densely 

packed, there is a tendency for them to agglomerate during extended curing times. 

Therefore, in addition to the surface treatment of the silicon nanoparticles to 

enhance dispersion quality, rapid curing of the nanocomposite will have a 

beneficial influence to minimize agglomeration. The SEM images illustrate that for 

the silicon concentration of ~23 vol% combination of rapid curing and surface 

treatment will give an appropriate particle distribution inside the NOA73 matrix 

which leads to lower agglomeration and scattering centers. 
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Figure 4-4 SEM images of nanocomposites with different Si concentrations. 

Distribution of nanoparticles in a nanocomposite containing ~23 vol% Si. (a) Non-

treated nanoparticles under slow curing. (b) Non-treated nanoparticles under rapid 

curing. (c) Surface treated nanoparticles under rapid curing. 

 

An AFM image of the silicon master after deposition of ~20 nm aluminum 

is show in Figure 4-5(a). Moreover, the fabricated nanoimprinted device is shown 

in the AFM in Figure 4-5(b). It is shown that the profile of the silicon master 

transfers well to the nanocomposite by means of the PDMS stamp. The quality of 

the grating lines shown in Figure 4-5(b) demonstrates that the peel-off process of 

PDMS from the cured nanocomposite is done with minimal imperfection.  

Tang et al. mentioned applying an anti-stick monolayer coating to the 

PDMS before the stamping process to improve the quality of the peel-off process 

[93]. However, in this study we eliminate all such surface treatment processes. 

NOA73 is thiolene based and exhibits very poor adhesion to the PDMS [94]. 

Therefore, employing the thiloene based NOA73 will allow us to accomplish the 

peel-off process without using any anti-stick chemicals. The AFM images also 

show that there is no specific shrinkage of the fabricated nanoimprinted devices; 

thus, the dimensions of the silicon master can be reliably transferred to the final 

device. This is attributed to the low shrinkage (~1.5%) of NOA73 after curing as 

1 μm1 μm1 μm

(a) (b) (c)
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compared to high shrinkage at ~20% associated with methods such as organic-

inorganic hybrid sol-gel processing. Moreover, in this work we apply UV-curing 

which is fast and, unlike the sol-gel process, does not need high temperatures and 

long time to reach the high refractive index desired in some applications. 

 

 
Figure 4-5 AFM images of the nanopatterned structures. (a) Silicon master after 

aluminum deposition. (b) Fabricated nanoimprinted optical filter device. Insets 

show 3D views of the grating lines. 

 

Figure 4-6 shows SEM images of the grating ridges and a side view of a 

device containing 14 vol% Si. The SEM images of the grating lines match well with 

the AFM images and high-quality grating lines are seen. Figure 4-6(b) indicates 

the cross section of the imprinted device. We can see that the obtained 

homogeneous layer is thick and non-uniform, which is not acceptable for most 

resonance devices of current interest. One of the challenges of the nanoimprinting 

technique applied here is controlling the thickness of the homogeneous layer. 

Previous reports cite applying pressure to the stamp by simple weights [86] or by 

using complex imprinting equipment [87,88]. In either case, it is not easy to 

(a) (b)
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accurately control the uniformity of the applied pressure to the whole flexible 

PDMS stamp.  

 
Figure 4-6 SEM images of nanoimprinted devices. (a) top-view of a nanoimprinted 

resonance device and (b) cross section of a resonance element with a thick and non-

uniform homogeneous layer. The inset in (a) shows a cross-sectional view of the 

grating. 

 

Good control of thickness and uniformity of the homogeneous layer in our 

example devices is essential for efficiency and functionality. To bring both 

parameters under simultaneous control, a convenient channel fabrication method is 

used. To implement this method, we first spin coated a layer of photoresist (Ultra-

i 123) on a glass substrate. Then, by shining UV light through a rectangular mask 

and developing the photoresist, we realized a narrow channel (~5 mm wide). After 

that, the PDMS master was placed on the channel in a way that its grating lines 

were parallel to the long edges of the channel. The nanocomposite was poured at 

the edge of the PDMS which then diffused and filled the channel. The more 

nanoparticles concentration in the polymer host, the longer time to fill out the 

channel (1-3 min). Therefore, according to the spin speed, we can control the 
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photoresist thickness and consequently, the thickness of the homogeneous layer. 

The schematic steps of the channel fabrication are shown in Figure 4-7(a)-(c). The 

cross section of the device with controlled homogeneous layer thickness is shown 

in Figure 4-7(d) which is evidence of successful implementation of the channel 

method. 

 
Figure 4-7 Method to control the thickness of the homogeneous layer. (a)-(c) 

Schematics of the channel fabrication. (d) Cross section of the device fabricated 

with the channel method to control the thickness of the homogeneous layer. 
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Figure 4-8 Experimental and calculated transmission spectra at normal incidence 

with TE-polarized light (electric vector of input light lies along the grating 

grooves). The fabricated devices have different refractive indices but the same 

physical parameters of Λ = 1.05 μm, dg = 0.34 μm, dh = 0.95 μm, and F = 0.45. 

 

Spectral transmission measurements of devices with specific constant 

dimensions but different refractive indices, obtained by different filler 

concentrations, are shown in Figure 4-8. The input light from a super continuum 

light source is collimated and polarized with spot size of ~1mm. After the light hits 

the sample, the transmitted light will be collected by the optical fiber and will be 

sent to the OSA. The rigorous coupled-wave analysis (RCWA) is used to simulate 

the transmission spectrum of optical devices [95]. Good agreement is found 

between simulated and experimental results. However, the transmitted efficiencies 

of the experimental results are lower than the simulated efficiencies. It is seen that 
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the lowest nanoparticle concentration inside the polymer corresponds to the highest 

transmission efficiency. The reason is that the formation of agglomerations which 

act as scattering centers is more probable in higher concentrations. It is worth 

mentioning that without surface functionalization, even at low filler concentrations, 

the efficiency was less than 10% which confirms the importance of surface 

treatment to avoid agglomeration. Moreover, no transmission dip is observed for 

devices with n=2.0 and n=2.1 for non-coated nanoparticles even when using the 

fast curing process. Therefore, to ensure adequate efficiency, the nanoparticle 

surface treatment is essential. 

It is clear that rapid curing of nanocomposite under high power UV lamp 

helps to prevent agglomeration at low filler concentrations. Through the rapid 

curing process, we can freeze and hold nanoparticles in the polymer matrix, so they 

will not have time to stick to each other and consequently settle down. However, 

for high concentrations of incorporated nanoparticles, the curing time will increase 

so it is more likely that the particles agglomerate. In summary, taking advantages 

of both rapid curing and optimal surface treatments enables tuning of the refractive 

index of the final device-quality polymer.  
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4.3 Conclusion 

In this work, tunable refractive index was implemented by nanocomposites 

containing mixtures of a host polymer with refractive index of ~1.56 and Si 

nanoparticles with refractive index of ~3.45. With a ~28% Si fraction, an 

imprintable material with refractive index of ~2.1 was made. In principle, by 

controlling the filling fraction, the tunable range could be from ~1.6 to 2.1. 

Thereafter, we employed nanoimprint lithography using silicon masters and 

silicone (PDMS) molds to expeditiously fabricate example resonant optical filters. 

As the thickness of the homogeneous sublayer underneath the periodic layer is 

critical in this device class, we showed that we could control its thickness without 

pressure by employing a channel with precisely managed depth. Thus, by taking 

advantages of NIL and by controlling the refractive index and homogeneous layer 

thickness of the imprint material, we demonstrated resonant filters possessing the 

design parameters in composites with refractive indices of 1.9, 2.0 and 2.1. Here, 

we avoided use of anti-stick media on the PDMS surface by choosing an 

appropriate organic material (NOA73) which does not stick to the PDMS stamp. 

We found negligible shrinkage of the nanocomposite imprint material deriving 

from low shrinkage (1.5%) of the host medium. This enables fabrication of precise 

resonance devices which maintain the master’s dimensions. Additionally, by 

combining the advantages of surface treatment of the nanoparticles and rapid curing 
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we minimized particle agglomeration and consequently fabricated useable resonant 

filters with acceptable response as measured in the 1600-1800 nm spectral band. 
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Chapter 5  

Rapid large-scale fabrication of multipart unit cell metasurfaces 

Diffractive elements, recently referenced as metasurfaces, metafilms, or 

metastructures, composed of periodic wavelength-scale features can be made with 

favorable effective properties, enabling the manipulation of electromagnetic waves 

for a wide variety of photonics applications [22,24,58,96-99]. These compact 

structures serve as alternatives to conventional bulk optical devices while enabling 

a host of new design options. Varying the periodicity of these features accompanied 

by appropriate lossless dielectric materials, one can tune the operating wavelength 

ranging from ultraviolet (UV) to radio frequency (RF). Among the significant 

characteristic properties of metasurfaces is the coupling of incident light to laterally 

propagating leaky Bloch modes in the subwavelength regime when the periodicity 

of the unit cell is moderately smaller than the free-space wavelength [11]. This 

property, which manifests itself as a resonance at certain wavelengths, has been 

shown to be foundational for the wide variety of exotic behaviors found in 

metastructures [100-102]. Working in the subwavelength regime guarantees that 

only zero-order diffraction prevails. As the period increases relative to the 

wavelength, higher diffraction orders begin to propagate and manifest themselves 

in the optical spectra of the metastructures which is well known from classical 

diffractive optics theory and experiments. 
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Most of the literature on periodic metasurfaces has focused on conventional 

one-dimensional (1D) or two-dimensional (2D) periodic grating lines or posts 

composed of only one protrusion and one associated groove (i.e. two-part fill 

factor) within one period. However, in the present context, some past studies on 

periodic metasurfaces containing multiple ridges or multiple filling factors in a one 

unit cell are relevant. For instance, in 2004, Ding and Magnusson used an 

asymmetric four-part fill factor (period contains two ridges and two grooves) 

subwavelength periodic structures to design numerous types of advanced devices 

based on the guided-mode resonance (GMR) effect [7]. More recently, planar 

lenses based on metasurfaces with four-part fill factors have been reported to 

suppress chromatic aberration for imaging applications [103]. Lin et al. made use 

of four-part fill factor design to steer visible wavelengths to a large deflection angle 

[104]. In 2018, 1D and 2D four-part fill factor metasurfaces were used to achieve 

wideband antireflection devices [105]. Moreover, in 2019, Ilic and Atwater 

reported the levitation and propulsion of a macroscopic object based on an 

asymmetric unit cell having four-part fill factor design [106]. These examples 

highlight the importance of developing novel advanced technologies based on 

multipart unit cell metasurfaces as well as exploring the new design spaces revealed 

by this added capability.   

Figure 5-1 displays some concrete examples supporting this viewpoint. 

Elaborated in Figure 5-1(a) are representative symmetric and asymmetric 
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metasurfaces so classified by the value of their fill factors as shown there. Useful 

applications of four-part grating devices are exemplified in Figure 5-1(b)-(e) using 

silicon-on-glass as material platform. For instance, Figure 5-1(b) shows the 

tunability of the resonance wavelength by introducing asymmetry to the symmetric 

two part grating design via changing the gap (F2) between two ridges with fixed 

widths (i.e. F1, F3=constant). Comparing TE-polarized reflection spectra of two 

symmetric wideband designs, Figure 5-1(c) represents a significant bandwidth 

improvement (~475 nm wider) for the design with four-part period [7,40]. Finally, 

we show in Figure 5-1(d), e that transferring from symmetric to asymmetric four-

part period device results in a narrow band transmission filter showing very low 

sidebands across a ~400-nm wavelength range.  

Until now, most fabricated four-part fill factor devices have employed 

electron-beam lithography methods. This method of fabrication is time consuming, 

expensive, and impractical when applying patterning on large areas because of 

stitching issues and a restricted area of exposure. Among nanofabrication methods, 

laser interference lithography (LIL) enables rapid realization of high- quality 

periodic structures on a large surface area. This method offers versatility for 

fabricating diffractive elements and metastructures because the periodicity and fill 

factor can be altered without the use of traditional masks [107,108]. One advantage 

of LIL is that in comparison with electron-beam lithography, it does not require 

high vacuum chamber for patterning.  LIL is based on the interference pattern 
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generated by at least two coherent laser beams (N≥2). Three-dimensional (3D) 

structures with sub-micrometer periodicity were fabricated in 30-µm-thick 

photoresist (PR) film via interference of four non-coplanar laser beam (N=4) [109]. 

Moreover, interference of three laser beams in pattern-integrated interference 

lithography (PIIL) was used to fashion photonic crystal lattices with integrated 

functional elements via a single-exposure process [110]. Interference of multiple 

non-coplanar laser beams is unlike two-beam interference in that the polarization 

of the multiple beams will not be in the same direction. Therefore, we use the simple 

two-beam interference configuration with sequential exposures to achieve precise 

control over the interference-fringe contrast in each exposure that translate to the 

resultant pattern features. 

Employing two-beam interference lithography, 2D periodic structures can 

be realized by applying two sequential exposures and by rotating the substrate in 

its plane to φ=90o after the first exposure. There are also studies on fabrication 

methods of nanostructures based on multiple exposures with different sample 

rotation angles (φ) in between. For example, fabrication of n-fold 2D photonic 

quasi-crystals has been reported based on repeated exposures and rotation of the 

sample n/2 times [111]. Simulation of more complicated patterns via the multiple 

exposure method has been reported based on a single repeated exposure at a specific 

angle of sample rotation [112]. Interference of multiple beams based on the 
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diffraction orders originating from appropriately-designed phase masks leads to 

fabrication of nanomotifs with different shapes [113]. 

 

 
Figure 5-1 Applications of four-part grating devices. (a) Symmetric and 

asymmetric guided-mode resonance device designs based on filling factor values 

in 1D grating structures with grating thickness of dg. (b) Logarithmic scale 

transmission map with TE-polarized incident light while changing F2 of a device 

with Ʌ=1 µm, F1=0.2, F3=0.1, and dg=0.22 µm. (c) Zero-order TE-polarized 

reflection spectrum possessing R0>0.99 with bandwidth of Δλ~600 nm for four-

part design [7] (Ʌ=1 µm, F1=0.075, F2=0.275, and dg=0.228 µm) and Δλ~125 nm 

of two-part design [40] (Ʌ=0.986 µm, F1=0.329, F2=0.671, and dg=0.49 µm). (d) 

TM-polarized R0 and T0 spectra for symmetric four-part fill factor wideband 

reflector [7] F2=F4=0.125. (e) Asymmetric design with F2=0.127 and F4=0.123. All 

other parameters are fixed for parts (d) and (e) as Ʌ=1 µm, F1=0.25, F3=0.5, and 
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dg=0.8 µm. Transverse-electric (TE) polarization refers to incident light electric 

field vector being orthogonal to the plane of incidence or along the grating grooves 

in this example whereas transverse-magnetic (TM) polarization refers to the 

magnetic vector being thus oriented. 

 

Here, we report a new, expeditious fabrication method to fashion periodic 

devices with multi-fill factor unit cells based on LIL. This method of fabrication 

yields non-conventional periodic patterns on large substrates enabling realization 

of new emerging devices and technologies based on complex multipart fill factor 

metasurfaces. In summary, first, we apply two carefully controlled exposures with 

altered periodicities between the exposures without rotating the substrate with 

respect to its plane (φ=0) to make 1D four-part fill factor gratings. Repeating the 

same procedure while changing the rotation angle to φ=90 degrees, we obtain a 2D 

four-part unit cell metasurface. We also show that multipart (i.e. greater than four) 

fill-factor metasurfaces are achievable via our fabrication method. We demonstrate 

the optical characteristics of a fabricated proof-of-concept device for both 

transverse electric (TE) and transverse magnetic (TM) polarization of the incident 

light. 

5.1 Fabrication method 

First, we develop an example 1D four-part period grating with a periodicity 

of 1000 nm on silicon-on-quartz (SOQ) wafers (Shin-Etsu Chemical Co., Ltd.). 

This wafer contains 220 nm crystalline silicon on a quartz substrate, both of which 

are lossless in the near infrared wavelength range. In a representative process to 



 

95 

fabricate the device, the SOQ substrates measuring 2.5x2.5 cm2 are spin-coated at 

3000 rpm with SEPR 701-2.9, a positive photoresist (PR), for 1 minute after the 

primer is applied. The spin-coated substrates are then soft baked for 90 seconds at 

110°C followed by patterning using laser interference lithography (LIL). We 

employ a Lloyd’s mirror interference lithography configuration which consists of 

a high-quality mirror mounted orthogonally to the sample holder stage. A schematic 

of this system is depicted in Figure 1-4. In our setup, the intensity of the laser light 

is measured as I ~96 µW/cm2 at the sample surface. Each exposure has a periodicity 

that is determined by Ʌ=λ/2sinθ in which λ is the laser wavelength (266 nm in our 

case) and θ is the bisector of the angle between the two interfering beams. This 

angle can be precisely controlled by rotating the stage [114]. Therefore, changing 

θ allows one to change the periodicity of the grating.  

In order to realize four-part fill factor periodic gratings, the PR-coated 

substrates are double exposed with two different periods (Ʌ1 and Ʌ2) and exposure 

times (t1 and t2) to create a 1D photoresist mask as shown schematically in Fig. 3. 

It is necessary that the periodicity of the second exposure be half of the first 

exposure period (Ʌ2=1/2 Ʌ1) to achieve a uniform four- part fill factor grating as 

shown in Figures 5-2(a) and 5-2(b). Most importantly, the exposure time for the 

first and second exposure should be optimized in such a way that the first exposure 

be underexposed. If this optimization is correctly implemented, the second 

exposure dose will add to the first one, resulting in two different grating ridge 
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widths. Therefore, precise control over these parameters is required to achieve high-

quality results. In practice, finding the optimal exposures requires experimentation 

and tuning which once established can be successfully applied in subsequent 

fabrication. 

 
Figure 5-2 Schematics of the fabrication process of four-part period metasurfaces 

via the LIL method. (a) First exposure with periodicity of Ʌ1 and exposure time of 

t1 on a PR-coated SOQ wafer. (b) Second exposure with periodicity of Ʌ2=1/2 Ʌ1 

and exposure time of t2. (c) Developed PR after two exposures. (d) Transferred 

four-part periodic pattern from PR to Si via the RIE process. 

 

In this work, to achieve four-part fill factor gratings with periodicity of 1000 

nm, the longer period Λ1 = 1000 nm is exposed first for 10 seconds followed by the 

smaller period Λ2 = 500 nm exposed for 34 seconds. For this four-part metagrating, 

the longer periodicity defines the periodicity of the final device. Post-exposure, the 

substrates are baked at 110º C for 90 seconds and then developed in AZ 917 MIF 

Ʌ1 Ʌ1

Ʌ2

Ʌ1
Ʌ1
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c d
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developer for 45 seconds, as shown in Figure 5-2(c). The asymmetric pattern on 

the PR is transferred to c-Si by dry etching, as illustrated in Figure 5-2(d), in an 

Oxford PlasmaLab 80plus etcher using SF6 and CHF3 for 7 minutes with RIE power 

of 100 W which gives an etch rate of about 30 nm/min. Etching time defines the 

thickness of the final metagrating (dg). The remaining PR is removed using an O2 

ashing process. The final device dimensions are measured by using scanning 

electron microscopy (SEM) and atomic force microscopy (AFM). 

Similar to fabrication of 1D structure, 2D structures can be fabricated via 

two identical exposures at φ=0 degrees following two exposures at φ=90 degrees. 

However, at each φ, approximately half of the exposure doses used in the 1D 

metagrating are applied to create the 2D structure. In other words, two exposures 

are carried out at φ=0 degrees with Λ1 = 1000 nm and t1=5 seconds followed by Λ2 

= 500 nm for t2 = 17 seconds. The same exposure periods and times are applied to 

the PR after sample rotation of 90 degrees. This results in 2D spatially-modulated 

metasurfaces with a host of possible unit-cell architectures realizable. 
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5.2 Results and discussion 

5.2.1 Devices with four-part unit cells 

Figure 5-3 illustrates AFM images of a PR-patterned four-part fill factor 

metagrating at different second-exposure times while the first exposure is fixed at 

10 seconds. It is clearly shown that the fill factors can be controlled by exposure 

energy. As the second exposure time increases, the fill factors of the final pattern 

decrease. This result is expected as we are using positive PR in these experiments. 

 
Figure 5-3 AFM images of four-part PR grating metasurfaces. Fixed first-exposure 

time t1=10 seconds and varying the second-exposure time for (a) t2=34 seconds and 

(b) t2=45 seconds. 

 

The schematic of the fabricated 1D and 2D multipart metasurfaces are 

shown in Figures. 5-4(a) and 5-4(b). Figures 5-4(c) and 5-4(d) reveal SEM and 

AFM images of an etched asymmetric four-part periodic grating device fabricated 
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on the SOQ wafer based on our proposed method of fabrication. Within one period, 

the device shows two different widths of grating ridges and two different widths of 

grooves (i.e. four-part fill factors). A double exposure of Λ1 = 1000 nm and Λ2 = 

500 nm on PR followed by the RIE process gives the final device a set of fill factors 

(F1 = 0.2, F2 = 0.34, F3 = 0.1, and F4 = 0.36). Figure 5-4(e) demonstrates SEM 

images of a 2D etched asymmetric unit cell fabricated by the four-time-exposure 

approach explained earlier. Figure 5-4(f) shows an AFM of this device. 

 

 
 

Figure 5-4 1D and 2D multipart metasurfaces. Schematic of device for (a) 1D and 

(b) 2D structures. Metrology of representative SOQ fabricated devices. (c) SEM 
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images of a 1D four-part grating at two different magnifications. (d) AFM image 

pertinent to the 1D four-part grating device. (e) SEM images of a 2D four-part unit 

cell metasurface at two different magnifications. (f) AFM image of the 2D four-

part unit-cell metasurface.  

 

5.2.2 Devices with multipart unit cells 

The method of two exposures can be used to fabricate not only four-part 

periodicity, but also multipart unit cell diffractive elements and metasurfaces that 

are realized if the second exposure periodicity is not equal to half of the first 

exposure period (Ʌ2≠1/2 Ʌ1). Under this condition, the final device period is not 

defined by the longer period. The final period is set by the least common multiple 

of two the periods at work. Here, as an example, we use the double exposure method 

for exposures with periods of Ʌ1=1000 nm and Ʌ2=600 nm to obtain long periods 

containing multipart fill factors. We show in Figures 5-5(a) and 5-5(b) that the 

period of the final device is Ʌf=3000 nm, which translates to the point where the 

two periodicities match each other (least common multiple) and repeat periodically. 

1D and 2D meta-structures with changing fill factor avlues are shown in Figures. 

5-5(c) and 5-5(d) obtained by two exposures with periods of Ʌ1=1000 nm and 

Ʌ2=660 nm. It is obvious that in 2D device, fill factor varies in different directions. 

In addition, and importantly, our method can be implemented to design and 

pattern nonperiodic metasurfaces and gratings. This happens when the least 

common multiple of the two periodicities at work becomes a large number. For 

instance, as shown in Figure 5-5(e), choosing two periods of Ʌ1=1233 nm and 
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Ʌ2=835 nm results in the large global period of Ʌf=1,029,555 nm (~1 mm). 

Therefore, we can realize ~1 mm2 areas containing aperiodic metastructures.  

 

 
 

Figure 5-5 Multipart fill factor grating metastructures. (a) A schematic of a 10-part 

fill factor device with periodicity of Ʌf=3000 nm by choosing two periods of 

Ʌ1=1000 nm and Ʌ2=600 nm. (b) SEM image of a fabricated 10-part fill factor 

Ʌf =3000 nm
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device pertinent to 1D metasurface. SEM images of patterned structures choosing 

two periods of Ʌ1=1000 nm and Ʌ2=660 nm for (c) 1D and (d) 2D metasurfaces. 

(e) Schematic of a proposed ~1 mm2 aperiodic metasurface obtained by two 

exposures with base periods Ʌ1=1233 nm and Ʌ2=835 nm. 

 

The corresponding optical spectrum pertinent to the 1D multipart 

metasurface developed on SOQ is now investigated both theoretically and 

experimentally. The rigorous coupled-wave analysis (RCWA) method is employed 

for simulation of the device spectrum based on the dimensions of the fabricated 

proof-of-concept device. The low-loss, nondispersive nature of Si and quartz in the 

near-IR band allows use of constant real-valued refractive indices set to nSi=3.45 

and nquartz=1.45 while performing simulations. Figure 5-6 shows computed and 

experimental spectra. Figures 5-6(a) and 5-6(b) show RCWA simulated 

transmission maps that represent variation of the grating thickness (dg) for TM and 

TE polarization states, respectively. A wideband antireflection spectrum is 

observed for the TM case while the TE case shows a guided-mode resonance dip 

in the transmission simulations. We measure the spectra of the fabricated device 

and confirm wideband antireflection for TM and resonance characteristic for the 

TE case in Figure 5-6(c). The zero-order transmission (T0) measurement is carried 

out by collecting the transmitted output light using a detector and transferring it to 

an optical spectrum analyzer by means of an optical fiber. The simulated spectra of 

the fabricated SOQ device shown in Figure 5-6(c) correspond to a grating thickness 

of dg=220 nm which is noted by dotted lines in Figures 5-6(a) and 5-6(b) for the 
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case of TE and TM incident polarized light. The discrepancy between the 

measurement and simulation is related to the collimation issues and interference of 

two reflected beams, from two interfaces of the SOQ wafer, with the incident light. 

These points are ignored in the simulation. 

 
Figure 5-6 Computed and experimental spectra. Simulated zero-order transmission 

(T0) optical spectral map as a function of grating thickness dg for (a) TM, and (b) 

TE polarization of incident light. (c) Simulated and measured transmission spectra 

of a device with dg=220 nm for both TE and TM cases. Parameters of the four-part 

period grating device are Ʌ=1 µm, F1=0.2, F2=0.34, F3=0.1, F4=0.36 which remain 

constant for (a)-(c).  

 

5.3 Conclusion 

In this work, we present a method applying two-time exposures generated 

by a LIL system to realize multipart periodic-unit-cell metastructures. The 

proposed method, which exploits the nature of the interaction between two different 

periodic UV-light patterns with precisely controlled exposure parameters, can be 

used to create new and emerging classes of metasurfaces recently found in 

applications for imaging, object levitating, and light propelled spacecraft, 

especially when patterning on large areas (~1 m) is required. The novel fabrication 

methods described here are tested to realize four-part and multipart unit-cell 1D and 

TM TE

a b c
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2D periodic patterns in photoresist followed by etch steps to transfer the patterns to 

the SOQ platform for near-IR band device applications. Moreover, by appropriate 

selection of the two base periods, one can achieve millimeter-size final unit cells 

possessing aperiodic metastructures with one superperiod. AFM and SEM images 

of the fabricated devices in different magnifications reveal no signs of 

nonuniformity as demonstrated by imaging at multiple locations across these large 

surfaces. Finally, optical spectral measurements and simulations of one of the 

fabricated proof-of-concept devices indicates wideband antireflection and guided-

mode resonance response for TM- and TE-polarized input light, respectively. This 

test device measures 100 mm2, has 500 nm minimum feature size, and was 

fabricated in less than one hour including etching. 
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Chapter 6  

Dual-grating metamembranes supporting bound states in the continuum 

Bound states in the continuum (BICs), which were first proposed in 

quantum mechanics by von Neumann and Winger in 1929, have been extended into 

the realm of nanophotonics [115]. Although the term BIC appeared in photonics in 

2008 [116], the concept behind this phenomenon was first reported by Kazarinov 

et al. in 1976 [117]. These researchers derived a formula for the quality factor of a 

corrugated waveguide and reported suppressed radiation loss at the upper band edge 

when the second-order Bragg condition was satisfied. Later, in 1979, Vincent and 

Neviere numerically demonstrated the existence of a non-leaky edge pertinent to 

symmetric grating designs while introducing asymmetry to the grating profile 

resulted in leaky radiating modes at both band edges [3]. Ding and Magnusson 

manipulated the separation of the non-degenerate leaky resonances associated with 

asymmetric profiles to engineer the resonant spectral response of periodic films 

[118]. Experimentally, the non-leaky edge, and thus BIC, was revealed in 1998 by 

imposing asymmetry on an otherwise symmetric periodic structure by variation in 

the angle of incidence [119].  

Thus, optical BICs are grounded in confined (non-leaky) modes with an 

infinite lifetime above the light line in the dispersion diagram of periodic structures. 

Well established symmetry-protected BICs with exact zero resonance bandwidth 

(true BIC) reside at the Γ point of the band diagram based on the symmetry 
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incompatibility between the asymmetric standing waves inside the structure and 

symmetric outgoing waves [120-122]. In addition, it has been shown both 

theoretically and experimentally that off-Γ BIC, with near-zero resonance linewidth 

(quasi-BIC or asymptotic BIC) can be obtained at specific incident angles in 

periodic structures [123,124]. Moreover, quasi-BICs at the Γ point were reported 

for specific physical parameters of nanostructures [125]. These nearly-zero 

resonance linewidths possess quasi-embedded eigenvalues which cause coupling 

to the radiated waves. 

Whereas there have been extensive studies conducted on metamaterial 

devices with a single spatial periodicity, there is less research on resonance 

elements containing multiple spatial periodic layers. Unquestionably, there are 

additional design dimensions to be exploited with such architectures as any multi-

periodic construct will operate on available bound modes differently than a single 

periodicity. Thus, there are scientific and practical reasons to explore attendant 

device designs and corresponding spectral response. Past related work includes 

demonstration that properly designed dually-corrugated waveguides support 

unidirectional output radiation [5]. Similar elements were advanced as solutions to 

improve the efficiency and stability of second-order surface emitting laser diodes 

via substrate radiation suppression [5,126]. In 2014, a unidirectional coupler for 

surface plasmon polaritons was proposed and realized with a dislocated double-

layer metal grating structure [127].  Bulgakov et al. employed the Fourier modal 
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approach to study BICs above the light line in double-sided grating designs based 

on symmetric and asymmetric structures [128]. In traditional metasurfaces, thin-

film deposition of different materials is applicable to obtain desired thicknesses and 

refractive indices of device layers. The periodicity is subsequently inscribed by 

traditional means including holographic interference lithography and electron-

beam patterning. In this work, we model and make grating-enclosed single-film 

membranes. Thus, nanoimprint lithography (NIL) with curable materials becomes 

the appropriate choice to demonstrate example resonant devices.  

Thin photonic membranes can be made with various materials such as 

semiconductors or flexible polymers for various applications such as photonic 

crystals, pressure sensors, biosensors, and lasers [129-132]. For semiconductor 

photonic membrane metamaterials, traditional photolithography methods with wet 

etching and sacrificial layers support the fabrication process. Such membranes can 

attach to other substrates like flexible substrates via a transfer process [133,134]. 

Comparatively, employing NIL, which can be flexible and fast, abates some of the 

complexity associated with thin membrane fabrication.  

In this study, we explore the spectral response and attendant novel features 

obtained by introducing a dual periodic scattering region in membrane designs. We 

find that the calculated transmission spectrum of a grating-enclosed homogeneous 

film shows quasi-BICs with high Q (Q=λ/Δλ where Δλ is the linewidth and λ is the 

resonance wavelength) as the thickness of the homogeneous layer varies. We 
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experimentally confirm spectral narrowing and broadening trends for fabricated 

double-grating metamaterials. We demonstrate by numerical simulation as well as 

experimentally that specific restrictions on the physical parameters need to be 

satisfied to obtain an ultra-narrow resonance linewidth as otherwise the linewidth 

of the resonance broadens with reduced resonant Q. The formulation defining these 

restrictions is applied here to establish a quasi-BIC at the Γ point. 

6.1 Fabrication technique 

The dual-grating membrane metamaterials presented here are fabricated 

through a peel-off process involving a cured polymer sandwiched between two 

patterned stamps. Usually, in NIL, patterns on a single stamp imprint resist on rigid 

or flexible substrates with the stamp then peeled off the cured resist [135,136]. 

Thick (~100 µm) double-sided structures made by NIL were fabricated through 

replicating two patterned surface treated molds [137]. In the present work, we 

deposit a UV curable polymer between two flexible patterned stamps to realize 

much thinner (~1 µm) free-standing dual-patterned membrane metamaterials. 

Choosing an appropriate polymer with minimal adhesion to the stamps enables fast 

single-step fabrication process which eliminates typical anti-stick surface treatment 

steps.  

The fabrication process of double-sided grating membranes is schematically 

shown in Figure 6-1. The optical adhesive NOA73 with refractive index of 1.56 
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acts as the resist material which will turn into the polymer membrane. As NOA73 

is thiolene based, there is relatively weak adhesion to the PDMS resulting in a clean 

separation of both top and bottom PDMS stamps. Our final device is a free-standing 

flexible membrane metamaterial containing patterns on both sides replicating each 

stamp. Typically, for high performance, guided-mode resonance devices are thin so 

as to support only a single, or few, leaky modes. The total thickness, including 

homogeneous layer thickness, can be controlled either by applying measured 

pressure or by using spacers between the master stamps. A PDMS spacer can be 

realized by UV light illumination of spin-coated positive photoresist through a 

rectangular mask followed by a development process similar to the method reported 

in Ref. [136].  

 
Figure 6-1 Schematics explaining fabrication of double-grating membrane 

metamaterials. (a) UV curing of the sandwiched polymer between patterned PDMS 

stamps with spacer-controlled thickness. (b) Top PDMS stamp peel off from the 
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cured polymer. (c) Cured patterned polymer release from the bottom PDMS stamp. 

(d) Final membrane metamaterial with specific physical parameters. The grating 

depths on the cover side and substrate side are denoted by dgc and dgs, respectively, 

while the homogeneous film thickness is labeled by dh. Fill factor (F) is defined as 

the fraction of the grating period (Ʌ) filled with the high index material. 

 

Figure 6-2 shows an AFM of the grating quantifying its depth and 

providing a 3D view along with SEM images related to the silicon master and the 

final fabricated membrane. In particular, Figure 6-2(a) shows the silicon master 

template after peel-off confirming an excellent process as there is no residual 

PDMS observed. Due to negligible shrinkage (~ 1.5%) of the NOA73, after the 

curing process, there is minimal difference between the dimensions of master 

template compared to the final device displayed in Figure 6-2(b). 

 

 
 

Figure 6-2 AFM and top view SEM images of the subwavelength grating lines. (a) 

Silicon master template after PDMS release. (b) Fabricated membrane device. 
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6.2 Metamembrane design and spectral characterization 

Simulated zero-order transmittance (T0) maps for single and dual-grating 

designs are displayed in Figure 6-3. The simulated spectra for TE polarization 

(incident electric-field vector lies along the grating lines) are obtained using the 

rigorous coupled-wave analysis (RCWA) method. It is clear that along the 

resonance loci in dual-grating designs, presented in Figure 6-3(b) and 6-3(c), there 

exist regions with vanishing resonant linewidths as well as regions with 

significantly large linewidths. Therefore, in double-grating designs as the thickness 

of the homogeneous layer reaches specific values, BICs emerge as the resonance 

linewidth asymptotically approaches zero. This behavior is absent in the map for 

the single-grating design as shown in Figure 6-3(a). 

 

Figure 6-3 Simulated zero-order transmittance (T0) spectral map as a function of 

homogeneous layer thickness (dh) for TE-polarized incident light at normal 

incidence. (a) Single grating metamaterial design. (b) and (c) Dual-grating 

metamaterial designs. Insets show the schematic of each design. Physical 

parameters of Λ=1 µm, dgc= dgs = 0.25 µm, and F=0.45 are the same in all designs. 

The resonance loci show characteristics of classic slab waveguide mode plots with 

the TE0 mode belonging to the trace at the longest wavelengths. 
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Figures 6-4(a)-4(c) demonstrate the experimental results and SEM images 

of three freestanding dual-grating metamembranes in air. The zero-order 

transmission spectra are measured using a spectrum analyzer with a matched 

supercontinuum light source covering the spectral region shown. These devices 

correspond to the selected homogeneous layer thicknesses of regions A, B, and C 

shown in Figure 3(c), respectively, where the resonance is associated with a ~TE1 

leaky Bloch mode. A good agreement between the measured transmission results 

and the predictions from the simulations is obtained. As shown, the full width at 

half maximum (FWHM) of the experimental spectra decreases from 50 nm to 5 nm 

and then increases again to 15 nm. We note that region B is near but not at the 

spectrally narrow Y point with high Q. Since our data acquisition system has a 

resolution of ~1 nm, we take the measurement at the wider location linewidth. 

These results confirm the resonance narrowing and broadening trends observed in 

dual-grating design simulations shown in Figure 6-3(c). To align the top and 

bottom gratings, consistent with the inset schematic of Figure 6-3(c), we fold the 

PDMS stamp as illustrated in Figure 6-4(d). This is one of the advantages of using 

flexible and foldable stamps. To make sure the alignment is perfect between the top 

and bottom parts of the PDMS stamp, we illuminate the stamp in Figure 6-4(d) 

with a green laser pointer and observe the diffraction orders from both gratings. 

Perfect alignment occurs when the two sets of diffraction orders line up. Figure 6-

4(e) is a photograph of the fabricated device on a sample holder with a hole in the 



 

113 

center of the holder to highlight the fact that the fabricated device is surrounded 

only by air. 

 
Figure 6-4 Experimental results of freestanding dual-grating metambrane. 

Simulated and measured transmission spectra under normal incidence of TE-

polarized light and corresponding SEM cross-sectional images of each free-

standing membrane with different homogeneous layer thicknesses of (a) 0.95 µm, 

(b) 1.42 µm, and (c) 2 µm. Physical parameters of Λ=1 µm, dgc= dgs = 0.25 µm, and 

F=0.45 are the same in all designs and devices. (d) Fabrication schematics 

illustrating the folded-PDMS technique to align the gratings. (e) Photograph of the 

fabricated device on a sample holder. 
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6.3 Discussion and explanation 

In 1989, Avrutsky et al. performed analysis based on the electromagnetic 

boundary conditions of a waveguide surrounded by two shallow sinusoidally 

corrugated boundaries to derive formulas for radiation losses into the cover medium 

and to the substrate [5]. They found that properly designed dual-grating waveguides 

can lead to a unidirectional output radiation towards the cover or the substrate. This 

result is important as the total number of photons in play can, in principle, be sent 

to a single receiver. Device schematics, with the sinusoidal gratings assumed in 

Avrutsky’s work and with rectangular gratings used here, are shown in Figure 6-

5(a).  
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Figure 6-5 BIC properties of a symmetric dual-grating metamembrane with lateral 

grating phase shift of φ=π. (a) schematic design, (b) Simulated transmission map 

as a function of homogeneous layer thickness. Angle-resolved transmission spectra 

for TE0 mode at (c) h=hBIC, (d) h≠hBIC and TE1 mode at (e) h=hBIC, (f) h≠hBIC. At 

h=hBIC, the TE0 mode is resonant near ~1500 nm whereas the TE1 mode resonates 

near ~1413 nm. 
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For designs of φ=π and φ=0, radiation suppression towards the cover is 

possible if [5] 
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where m is an integer, k is the wave number in free space, Ec and Es represent the 

mode field amplitudes on the boundaries, and nc, nf, and ns are the refractive indices 

of the cover, membrane, and substrate, respectively. One can further derive a 

formula for the electric field amplitudes on the cover-film (Ec) and substrate-film 

(Es) interfaces [138] as 
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Substituting Eq. (6.3) into Eq. (6.1), and k = 2π  ⁄  in Eq. (6.2), results in 
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These simple expressions are then the conditions for maximum 

transmission towards the substrate and radiation suppression towards the cover 

region. In a reflective resonant structure, radiation suppression towards the cover 
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compel the bandwidth of the reflection resonance vanishes. Equation (6.4) shows 

the grating depths ratio should be selected such that destructive interference comes 

into play in accordance with the conditions of equal contributions of each grating 

towards radiation into the cover. Based on this equation, having two identical 

grating depths results in high Q resonances only if nc=ns. Equation (6.5) gives the 

thickness value at which the highest Q occurs in dual-grating designs (hBIC). This 

separation distance introduces destructive interference based on the π phase shift of 

the two resonances that arise from identical gratings at the top and bottom sides of 

the metamembrane. This thickness satisfies the condition for maximum 

transmission of the Fabry-Perot cavity. The transmittance of two identical parallel 

mirrors separated by a distance h in a Fabry-Perot cavity model is [139]: 

                                                 
4

4 21 2 cos
FP

t
T

r r 


 
 (6.6) 

where t and r are the transmission and reflection coefficients of the mirror, 

respectively, and δ = 2kh is the round-trip phase shift. The maximum transmission 

in the Fabry-Perot cavity occurs when δ = 2kh = 2 π. This is equivalent to Eq. 

(6.5) defining the half-wavelength thickness condition. A half-wave thick film with 

nf > nc,ns is anti-reflecting thus promoting transmission whereas leaky-mode 

resonance is inherently reflective. These counteracting effects create the narrow 

BIC line. In addition, the highest Q factors (narrowest reflection resonance 

linewidths) in dual-grating designs are obtainable for  =  π , (  = 0, 1, 2, …) 
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when Eq. (6.4) and Eq. (6.5) are satisfied. Therefore, lateral grating displacement, 

film thickness, and grating-depth ratio substantially influence the resonant 

reflectance Q-factor in dual-grating designs. Note that 𝑑ℎ = ℎ −
𝑑𝑔𝑐

 
−
𝑑𝑔𝑠

 
  as 

depicted in Figure 6-5(a). 

Figure 6-5(a) shows a schematic of a symmetric dual-grating structure with 

grating lateral displacement of φ=π. Designs with lateral phase shifts of φ=π and 

φ=0 are symmetric possessing mirror symmetry with respect to the z-axis. Figure 

6-5(b) shows a simulated zero-order transmission map of the dual-grating 

metamaterial. This figure is a magnified version of Figure 6-3(c); we repeat it here 

for easy reference. Figure 6-5(c) and 6-5(d) demonstrate angularly-resolved 

transmission spectra supporting resonant TE0 modes for homogeneous layer 

thicknesses of h=hBIC and h≠hBIC, respectively. Bottom panels in Figure 6-5(c) and 

6-5(d) show an expanded view of the blue-box enclosed section of the wide angular 

map. Similar transmission maps are shown in Figure 6-5(e) and 6-5(f) for the TE1 

resonant mode for thicknesses of h=hBIC and h≠hBIC, respectively. These figures 

confirm that as long as the symmetry of the design is preserved, at normal incidence 

(θ=0), a true (symmetry protected) BIC ensues at one band edge while the other 

band edge generates a guided-mode resonance. The resonance Q is tuned by 

changing the thickness of the structure such that at thicknesses hBIC, pertinent to 

points W and Y shown in Figure 6-5(b), BICs arise at each band edge, one being 

a true BIC via symmetry protection and the other a quasi-BIC according to the 
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simple model in Eq. (6.4) and Eq. (6.5). At these points the resonance linewidth 

vanishes with Q→∞. We see that deviation from these thicknesses in symmetric 

structures results in transitions from quasi-BIC to low-Q resonances at selected 

points such as X and Z in Figure 6-5(b). In addition, on moving from point W to 

point X, the true BIC transitions from the upper band edge (short wavelength) to 

the lower edge as shown in bottom panels of Figures 6-5(c) and 6-5(d). This band 

flip phenomenon arises in each mode by varying the homogeneous layer thickness 

as seen in Figures 6-5(c)-5(f) [140]. Furthermore, angular transmission spectra 

show that at off-normal incidence, true BICs couple to the radiation continuum 

which results in resonant leaky modes appearing at both the upper and lower band 

edges. At the lower band edges, as the incidence angle approaches zero (θ→0), the 

resonance linewidth falls until it completely disappears at θ=0 the Γ point. It is also 

shown in the upper panel of Figure 6-5(c), that the metamembrane supports off-Γ 

BICs at specific angles of incidence. Therefore, at a specific thickness of the 

homogeneous layer (h=hBIC) a true BIC, a quasi-BIC at Γ, and a quasi-BIC off Γ 

exist in the device. 
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Figure 6-6 Transmission map as a function of dh for a double-grating membrane 

metamaterial in air. (a) dgs = dgc = 0.25, and (b) dgs = 0.2, dgc = 0.3. Design 

parameters are Λ=1 µm, F=0.45, 𝜑 = 𝜋 . (c) Calculated quality factor versus 

deviation from half-wavelength thickness related to designs (a) and (b). 

 

Computed TE transmission maps of metamembranes in air are plotted in 

Figures 6-6(a) and 6-6(b). These figures confirm that the narrowest linewidth with 

Q~  × 10 7 occurs when both values of the grating-depth ratio and the film 

thickness follow Eq. (6.4) and Eq. (6.5). According to Figure 6-6(c), for an 

arbitrary ratio of grating depths (dgs/dgc), the Q is relatively low even when the half-

wavelength thickness condition holds. Therefore, the half-wavelength thickness 

condition is necessary but not sufficient for vanishing resonant linewidth. Indeed, 

Figure 6-6(c) quantifies the gain in Q when both conditions represented by Eq. 

(6.4) and Eq. (6.5) hold. 

6.4 Conclusions 

In this work, the resonance properties of dual-grating metamaterial 

architectures are explored experimentally and theoretically. The distinction 

between the ordinary single-grating resonance device and a dual- or multi-grating 
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device is of primary interest. It is clear that there are new mechanisms and 

additional design dimensions to be exploited with such architectures as the multi-

grating device will operate on available Bloch modes differently than a device 

containing a single-grating. These membrane-type metamaterials are realized by 

nanoimprint lithography using silicone master stamps to mold a well-suited optical 

polymer. Indeed, we find that introducing the second subwavelength periodic 

region to the membrane design enables novel properties differing significantly from 

those of single-grating metamaterials. For instance, the simulated transmission map 

of the dual-grating devices illustrates highly-variable resonance linewidth regions 

as the thickness of the homogeneous layer changes. At grating-depth and thickness 

values satisfying the analytical scattering model dicussed here, a high Q results 

implying a quasi-BIC on one band edge and a true BIC on the other. Our 

experimental spectral data obtained with the fabricated grating-enclosed 

homogeneous layer metamaterials confirm the predicted narrowing and broadening 

trends of the resonance linewidth. Moreover, it is shown that specific conditions on 

the relative lateral displacement of the gratings, thickness of the homogeneous 

layer, and grating-depth ratio defined by refractive-index values need to be satisfied 

to obtain the highest Q, while deviation from these conditions will reduce the 

resonance quality factor. Since quasi-off-Γ BICs arise also, three types of BICs can 

be found at specific physical parameters of the dual-grating structure. In this study, 

we use the simplest 1D canonical model possible to uncover the main properties 
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expeditiously. Nevertheless, we believe that the observed properties will apply to 

generalized photonic lattices containing multi-periodic regions in ordinary 2D 

metamaterials that are of high current interest. 
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Chapter 7  

Fiber-facet integrated guided-mode resonance filters and sensors 

Resonant gratings with clear prospects for applications have been studied 

since the early 1990’s [11]. Prior to that, seminal contributions elucidating the 

nature of the fundamental effects, often termed “diffraction anomalies,” appeared 

[3, 4]. The structural simplicity of this device class offers unique opportunities for 

integration and compact layout. Therefore, many concrete applications have been 

proposed. Efficient resonance devices possess subwavelength one-dimensional 

(1D) or two-dimensional (2D) periodicity. They are expeditiously fabricated with 

optical interference lithography or nanoimprint methods often taking a final form 

as a single, partially etched layer on a substrate. These devices operate on the basis 

of guided-mode, or leaky-mode, resonance. The resonance mechanism is grounded 

in leaky Bloch modes that are driven laterally by evanescent diffracted waves. 

There result useful variations in the intensities of the reflected and transmitted 

waves as the wavelength, angle of incidence, or any one of the physical 

characteristics of the device is varied around the resonance values. Recently, 

nanostructured resonance elements of this kind are sometimes called metasurfaces 

or metamaterials.   

Whereas there is substantial literature in existence on resonance elements 

placed on bulk substrates, there are very few contributions treating fiber-mounted 

devices. The first fiber-tip-integrated guided-mode resonance filters were provided 
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by Tibuleac et al. [141] and Wawro et al. [78]. In this early work, guided-mode 

resonance (GMR) devices were fabricated by first depositing thin films of silicon 

nitride on clean, uncoated optical fiber facets by sputtering. Then a photoresist film 

was deposited on the silicon nitride and a grating recorded in it by UV-laser 

interferometry. Experimental GMR transmittance notches of ~18% were observed. 

Biomedical sensors and spectral filters were proposed as applications of fiber-

endface GMR elements [141,142]. 

Optical fiber technology has advanced dramatically over time since its 

humble beginnings. Optical fibers enable modern telecommunications networks 

including the internet. The ubiquity and utility of the basic fiber motivates pursuit 

of methods and technology to integrate photonic devices directly on them. With 

fiber cores ranging in size from a few micrometers to hundreds of micrometers and 

total diameter including the cladding being approximately a millimeter, there are 

inherent difficulties in handling a device platform in the form of a cut fiber. 

Historically, the first fiber tip devices were microlenses made with photoresist 

fabricated directly on fiber facets by UV-illumination through the fiber itself [143]. 

Following this pioneering work, many research groups developed and proposed a 

broad range of applications and fabrication methods for fiber tip devices as 

comprehensively reviewed by Kostovski et al. [144]. 
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Figure 7-1 Simulation of beam propagation in a multimode fiber to establish the 

light distribution incident on the fiber-tip GMR device. Shown is a schematic of the 

integrated GMR filter with the beam source being coupled to the main fiber by a 

polarization maintaining (PM) fiber. The intensity distribution (|E|2) of the guided 

beam is numerically characterized using the beam propagation method with 

samples of the beam distribution along the fiber illustrated in the figure. Here, E 

denotes the optical electric-field vector. 

 

     Here we remark only on work most closely connected to the current topic 

of periodic structures on fiber facets. As precursors to the fiber-tip resonant sensors, 

Wawro reported fabrication of gratings where the ±1 diffraction orders contained 

~50% of the total output power at the HeNe laser wavelength. The fiber coupled 

grating showed clear color spectra under white light illumination. Surface-relief 

gratings with period of 2 μm were fabricated on an optical fiber tip coated with azo 

polymer via interferometry to obtain diffraction pattern containing the zeroth and 

first orders under illumination with a 635 nm laser source [145]. Subsequently, Lin 
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et al. used e-beam lithography to create gold nanodot arrays on a fiber tip for 

surface-plasmon resonance sensors and gold nano-grid to fabricate ultra-wideband 

fiber inline polarizer on the fiber tip [146]. Dhawan et al. used focused-ion beam 

milling for direct writing and patterning on a facet of a gold deposited optical fiber 

[147]. Other notable works applied nanoimprint lithography to fashion ordered 

nanostructures on fibers [148-150]. In contrast to these cited works, here we report 

advances in fiber-tip guided-mode resonance filters and sensors with both 

theoretical modeling and experimental verification presented. 

A waveguide mode propagating in the fiber is taken as an input wave to find 

the spectral response of the resonant filter. Figure 7-1 illustrates the assumed 

geometry that is consistent with the experimental setup. To operate the  GMR filters 

in TE (electric field parallel to groove) polarization, we use a polarization 

maintaining (PM) fiber that provides a linearly polarized Gaussian output beam 

(width, W=9.5 µm). This beam is coupled into the main multimode fiber and guided 

towards a fiber-facet integrated 1D GMR grating as noted in the figure. Here, we 

use a large diameter (D=200 µm) main fiber to support the resonant grating on the 

core. The field distribution of the waveguide mode along the main fiber (length, 

L=4 cm) is numerically characterized by the beam propagation method (BPM) 

using an iterative function [151]. At L=0 cm, as shown in Figure 7-1, the beam 

profile indicates the intensity distribution of the Gaussian output beam from the PM 
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fiber. As it propagates along the main fiber, the beam gradually spreads and forms 

a broadened Gaussian at the end of fiber.  

To investigate the spectral response of facet-mounted GMR filters with the 

characterized beam profile as input, we perform a 3D finite-difference time-domain 

(FDTD) simulation using a high-performance computer. As illustrated in Figure 7-

2(a), the Si3N4 grating is on the tip of the fiber and its structure is defined by a 

corresponding grating parameter set {period Λ=1.03 µm, fill factor F=0.77, grating 

depth dg=0.2 µm and sublayer thickness dh=0.15 µm}. The refractive indices of 

Si3N4 and core are 1.9 and 1.45, respectively. The input beam is that found by the 

BPM illustrated in Figure 7-1. 

 

 

 
Figure 7-2 Spectral response based on characterized beam profile as input. (a) An 

integrated GMR filter fashioned with a Si3N4 grating on the tip of a fiber where the 

grating parameters are Λ (period), F (fill factor), dg (grating depth), and dh (sub 

layer thickness) are shown. (b) Calculated steady-state intensity distribution |Ey|
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an integrated GMR at λ=1.543 µm by FDTD. (c) Calculated field distribution (Ey) 

in a periodic Si3N4 grating using RCWA at λ=1.541 µm (d) Comparison of 

transmittance T0 spectra for the integrated GMR filter using FDTD with an infinite 

grating filter on substrate using RCWA. 

The calculated field distribution in the grating at the resonance wavelength 

(λ=1.543 µm) is shown in Figure 7-2(b). With a large diameter (D=200 µm) of the 

main fiber, numerous Si3N4 grating periods (N=193) fit onto the core. The figure 

shows how the resonant mode localizes on the fiber facet; the finite lateral extent 

of the input wave affects the distribution. The local mode-field distribution is 

similar to that in an infinite grating with plane-wave input as shown in Figure 7-

2(c) which is calculated by rigorous coupled-wave analysis (RCWA). In Figure 7-

2(d), we compare the simulated zero-order transmittance spectra (T0) for the real 

grating on fiber computed by FDTD and an infinite grating simulated by the RCWA 

method. These spectra are similar as the fiber is quite large and the input Gaussian 

mode has a relatively flat phase front.  

After stripping the multi-mode fiber (MMF), it is cleaved to create a flat 

end-face which acts as a substrate for the fiber-mounted GMR device. To deposit 

Si3N4 on the fiber tip, the cleaved fiber is held in a mounting chuck which is placed 

inside a sputter chamber. A test substrate is also used to determine the deposition 

rate and refractive index of the sputtered Si3N4 thin film. According to ellipsometry 

measurements, the refractive index and the deposition rate of the sputtered Si3N4 

film are n = 1.9 and 6 nm/min, respectively.  



 

129 

To fabricate reliable devices, we coat a uniform, thin layer of negative 

photoresist (PR) on the cleaved fiber tip to make the desired pattern. To do this, the 

fiber tip is dipped in PR and then the fiber is held straight for the spin coating 

process by a simple 3D-printed fiber holder. The spin coating process is 

accomplished successfully to reach a desired and relatively uniform thickness of 

PR. Then, the fiber is patterned with a laser interference lithography (LIL) system. 

In order to pattern the device, a spin coated fiber is mounted in a holder on an xyz 

controlled stage and fixed near the aperture of the interferometric exposure system. 

The exposure time is optimized according to the characteristics of the device. Two 

types of devices with different materials and physical characteristics are fabricated. 

One device consists of a homogeneous layer of Si3N4 topped by a patterned Si3N4 

grating which is shown in Figure 7-3(a). The Si3N4 grating is created by using a 

reactive-ion etching (RIE) process with a patterned photoresist mask. Figure 7-3(b) 

illustrates the second device consisting simply of a photoresist grating on top of a 

Si3N4 homogeneous layer without any etching process. The measurement setup is 

illustrated in Figure 7-3(c). To measure the transmission spectrum of the fabricated 

devices, the laser light from the PM fiber is coupled into the cleaved multimode 

fibers supporting these GMR devices on their facets. 
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Figure 7-3 Experimental results. (a) SEM images of a fabricated GMR device 

which is an etched Si3N4 grating on a fiber tip with physical parameters of Λ = 1.03 

μm, dg = 0.2 μm, dh = 0.15 μm, and F = 0.77. (b) SEM images of a fabricated PR-

based GMR device on a fiber tip with physical parameters of Λ = 1.03 μm, dg = 0.7 

μm, dh = 0.19 μm, and F = 0.65. (c) Measurement setup with connector to couple 

the laser light to the fiber for propagation to the resonance device.   

 

     Figure 7-4(a) shows the transmitted spectra for both etched and PR-

based fiber-integrated resonance devices. The input light from a tunable InGaAsP 

laser couples to, and propagates in, the core region of the multimode fiber. The 

interaction of light with the fabricated fiber-mounted GMR devices with particular 
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physical parameters results in a dip at a specific wavelength in the transmission 

spectrum. Thus, spectral measurements verify the existence of GMR for these 

devices and, consequently, confirm that they can be used in spectral filtering 

applications. As we can see, the efficiency for the etched device is ~77% whereas 

that for the PR-based device it is ~62%. We can explain the reason for this 

efficiency difference by comparing the angular tolerance of the transmission 

spectra for both devices. According to Figure 7-4 (b), we see that the angular 

aperture of the etched device is wider than that for the PR-based device. Therefore, 

the etched device accomodates the fiber mode more completely resulting in higher 

efficiency. There is good agreement between the experimental results in Figure 7-

4(a) in resonance location and filter bandwidth as shown in Figure 7-2(d) for the 

silicon nitride device. 
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Figure 7-4 Measured and calculated spectra. (a) Experimental transmission spectra 

at normal incidence with TE polarized light measured with the fabricated devices. 

(b) Calculated angular tolerance of the transmission spectra for the experimental 

devices using plane-wave input. 

 

Contemplating now the application of fiber-integrated GMR elements as 

sensors, we conduct a simple sensitivity test on the current prototypes. The 

sensitivity to a refractive-index change is typically reported in nm per refractive 

index unit (RIU), which indicates the resonance wavelength shift for a unit change 

of the refractive index. Figure 7-5 demonstrates sensing by an etched fiber 
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integrated GMR device. Here, three different solutions, water (n=1.33), 50%-50% 

water-IPA (n=1.35), and IPA (n=1.37), are used. Based on simulated and 

experimental results it can be observed that this fiber integrated GMR device 

operates as a sensor exhibiting resonance wavelength shifts with respect to the 

change of the refractive index of its environment. For these solutions, a linear shift 

with respect to the increase in refractive index exist and the slope of this line shows 

the sensitivity of the sensor as ~200 nm/RIU.  

 
Figure 7-5 Calculated and measured transmission spectra for the etched silicon-

nitride fiber device operating as a sensor in three different surrounding 

environments. 

 

To summarize, we address both theory and experiment of fiber-mounted 

guided-mode resonance filters and sensors. We account for mode propagation 

along the multimode fiber using the beam propagation method. This establishes the 
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correct amplitude and phase distribution of the beam incident of the tip-mounted 

GMR element thus yielding an improved prediction of the resonance response 

relative to assuming a plane-wave incidence. In addition, two different fiber-

integrated GMR devices are fabricated with and without an etching process for 

optical filtering applications. Spin coating and RIE-etch processes are employed to 

fabricate efficient devices while controlling the physical parameters. Transmission 

spectra found by simulations and experimental data for these devices are presented 

with good agreement found between theory and experiment. At last, sensor 

application of the etched device is investigated and an approximate sensitivity of 

200 nm/RIU is measured. 
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